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,Atomkraft geht nicht. Im 21. Jahrhundert kommt der Strom aus Solarzellen.*

“Nuclear power doesn’t work. In the 21st century power comes from solar cells.”

Ludwig Bélkow (*1912), dt. Ingenieur (german engineer)
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Preface

Against the background of global warming due to greenhouse gases, the demand of new
energy sources which reduce the emission of such gases rises steadily. Solar cells are one
of the most promising canditates among alternative energy sources for generating electric
energy with reduced emission of greenhouse gases. Driven by subsidies solar cell industry
grew by about thirty per cent per year in the last decade world wide. In the course of
this developement in solar cell industry also the demand on solar cell research increases.
Research on new solar cell concepts as well as research on new materials are the main
trends. Since solar cells are still a costly energy source, the main goal of all efforts made
in solar cell research is to reduce the price of solar cells. This goal can be reached by
reducing the costs for the used material, by increasing the efficiency of solar cells, and by
increasing the yield of solar cell production.

About ninety per cent of the world’s solar cell production are solar cells made of
crystalline silicon. More than half of them are made from multicrystalline silicon. This
material is of great interest for solar cell industry and solar cell research because the energy
consumption for the production of multicrystalline silicon is much less and the production
is therewith cheaper than that of monocrystalline silicon. The efficiencies reached by solar
cells made of multicrystalline silicon solar cells are less than that of solar cells made from
monocrystalline silicon due to the lower material quality of the multicrystalline material.

The efficiency losses of multicrystalline solar cells are caused by a lot of different
reasons. One of the main tasks of solar cell research is to find out the physical origins of
these efficiency losses and try to find ways to avoid them and therewith increase the yield
of good solar cells in solar cell production. For that purpose solar cells are characterized
by their current-voltage characteristics, which contain a lot of information about the
electrical properties of a solar cell. The forward current-voltage characteristics of solar
cells have been investigated intensively in the past. However, not all mechanisms which are
decreasing the solar cell efficiency are understood in detail yet. Furthermore, the physical
origins of the behavior of solar cells under reverse bias are only poorly investigated. Since
solar cells may be damaged if they can not stand high reverse biases, they can not be used
in modules. Therefore, a certain percentage of produced cells has to be discarded, which is
an economical loss for the producers. Hence, there is a high interest to find out the physical
origins of the unexpected reverse current-voltage characteristics of multicrystalline silicon
solar cells. Nowadays, new materials as upgraded metallurgical grade silicon are used
for silicon solar cell production. It will be shown that all problems leading to efficiency
losses in solar cells made from conventional multicrystalline silicon will be enhanced in
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solar cells made from upgraded metallurgical silicon, because this material contains more
harmful contaminations than conventional material. In particular, the breakdown voltage
of such solar cells will be decreased and the number of unusable solar cells of such material
will increase. Hence, the results of this work are very important also for the new silicon
materials.

The established theoretical description of current-voltage characteristics of solar cells
can not explain all features which can be found in current-voltage characteristics of real
solar cells. For example, classical diode theory predicts a relatively low recombination cur-
rent with an ideality factor of 2 or below. In reality, however, much higher recombination
currents with an ideality factor of 3 and above are regularly found. Also some details of
the physical origin of material induced ohmic shunts have been poorly understood in the
past. In particular, the reverse current-voltage characteristics of real solar cells can not
be described by the established two-diode model for p-n junctions. The reason for that is
a lack of knowledge of the physical origins of breakdown in multicrystalline solar cells.

In the present work detailed experimental investigations on the reverse current-voltage
characteristics of multicrystalline silicon solar cells are shown. These investigations reveal
the nature of so-called “pre-breakdown” mechanisms in solar cells and explain the result-
ing experimental reverse current-voltage characteristics of solar cells. New measurement
methods, which are especially developed for investigating the parameters of reverse bi-
ased solar cells are explained in detail. Furthermore, the present work gives an overview
of effects influencing the forward bias -V characteristics of multicrystalline silicon solar
cells, which affect their efficiency. Therefore, the work includes also a review of previous
results in this field of our and other research groups.

The structure of this thesis is as follows: In the first chapter a brief description of the
investigated type of solar cell is given, followed by an overview of the established theory
of current-voltage characteristics of solar cells and their restrictions describing currrent-
voltage characteristics of real solar cells, especially of reverse current-voltage character-
istics. In the second chapter the established lock-in thermography imaging methods for
revealing the currents flowing in solar cells are briefly described. The new lock-in thermog-
raphy methods for investigating the reverse currents in solar cells, which were developed
in this work, are demonstrated in detail. The first part of the third chapter deals with ef-
fects in forward current-voltage characteristics, where especially section 3.1.4 (Non-Linear
Shunts) relies on earlier work of our group. The second part is an elaborate description of
new experimental finding of the origins of features in reverse current-voltage characteris-
tics of solar cells. The thesis is completed by a summary in chapter four.



Chapter 1
Solar Cells

Solar cells are large area p-n junctions and convert the energy of light, i.e. the energy of
photons, into electrical energy. An introduction to the function of solar cells as well as
solar cell concepts can be found in text books like [1, 2, 3].

The quality of p-n junctions is measureable by their current-voltage (I-V') characteris-
tics. Therefore, measuring the I -V characteristics of solar cells is important to determine
their quality. In this chapter, after a brief description of the investigated type of solar cells
in section 1.1, a description of the established theory of -V characteristics of solar cells
is given in section 1.2. This is followed in section 1.3 by a description of established pre-
breakdown mechansisms. In section 1.4 it is shown that typical real -V characteristics
of solar cells strongly deviate from these theoretical predictions. The explanation of these
deviations is the topic of this work. Since all aspects of a solar cell, beginning from the
feedstock used for the production, have an impact on the I-V characteristic of a solar
cell, at first a description of the type of solar cell investigated in this work will be given.

1.1 Production of Multicrystalline Silicon Solar Cells

Since some design features, the material, and the manufacturing process of Si solar cells are
important for some aspects of the behaviour of the I -V characteristics, a brief description
of the material, the processing, and the design of solar cells is given in this part. Here, the
manufacturing of commercial Si solar cells made from block-cast multicrystalline (mc) Si
is described, since this type of solar cells is investigated in this thesis.

For multicrystalline Si solar cells typically solar-grade Si feedstock is used. Due to
the high demand of Si nowadays also the use of upgraded metallurgical grade (UMG)
Si becomes important in spite of the lower material quality. In [4] a short descrition of
the different types of feedstock used for Si solar cells is given. Irrespective of the type of
feedstock the production of me-Si for solar cells is in principle the same.

1



2 CHAPTER 1. SOLAR CELLS

Block-Casting Process of Silicon

The starting point of solar cell production are multicrystalline Si ingots. These ingots are
produced by the block-casting process, which is based on the works of Bridgman [5] and
Stockbarger [6] and is described in detail in [4, 7, 8]. Briefly, the silicon feedstock is melted
in a quartz crucible, whose walls are covered with silicon nitride (Si3Ny). Since most me-Si
solar cells are based on p-type wafers, the me-Si ingots are p-doped by adding boron (B)
to the feedstock befor melting in the crucible. The doped, liquid Si is cooled in a way that
the Si crystallizes from the bottom to the top of the crucible. The grain boundaries of the
solid me-Si are columnar orientated, i.e. perpendicular to the future wafer surfaces (see
Figure 1.3).

State-of-the-art solar cells are made from Si ingots with cuboidal shape having a mass
of some hundred kilograms. Some cm of the sides, the top, and the bottom of the ingots
are cut off, because this Si is highly polluted with foreign atoms reducing the solar cell
performance. Afterwards the ingots are cut in bricks with a quadratic base of 156x156
mm?. Finally, these bricks are cut into wafers of approximately 200 pm thickness'. Due
to the boron doping the wafer have typically a resistivity of approximately 1 {2cm, i.e. an

acceptor dopant concentration of Ny ~ 1.5 x 106 cm™.

Processing of Solar Cells

The basic processing steps of mc-Si solar cells are shown in Figure 1.1 and are described
below. In Figure 1.2 a photo of the front side of an acidic texturized mc-Si cell with its
gridlines and busbars is shown. A scheme of the typical layer structure of a commercial
multicrystalline Si solar cell is shown in Figure 1.3.

1. The wafer surface is treated by an etch solution to remove the surface damage, which
was caused by the wafer sawing process. The etching process increases the mechanical
stability of the wafer, because micro-cracks and scratches are smoothed or etched away.
In the same step the surface of the wafer is texturized. Texturization means that the
flat surface of the wafer is roughened by means of etching to improve the probability of
absorption of light in the solar cell. Two different texturization techniques are widely used
for texturization of industrial me-Si solar cells [9]. Alkaline (KOH) etching, which leads to
random pyramids on the Si surface due to anisotropically etching, and acidic (HF /HNO3)
etching, which is an isotropic etch and leads to scalloped surfaces.

2. An n*-doped layer, the emitter, is formed on the p-type wafer. The sheet resistivity
of the emitter is approximately 50 /[, i.e. a peak donor concentration up to Np ~
1 x 10*! em™ is generated. For n-type doping of Si phosphorus (P) is used. Phosphorus
is diffused into the wafer surface during a high temperature step (approximately 900
°C) using gaseous phosphorus oxychloride (POCI3). A very thin n*-doped Si layer of
approximately 250 nm thickness is formed. Because of the high temperature during the
diffusion impurities are gettered from the base into the emitter and to the surfaces. This
increases the lifetime 7 of excess charge carriers in the base.

I'Next generation Si solar cells may have areas of 210x210 mm? with thickness < 200 pm.



1.1. PRODUCTION OF MULTICRYSTALLINE SILICON SOLAR CELLS 3

damage etch & texturization SizN, -ARC layer
POCI; diffusion screen printing of front side grid (Ag) and
+ backside contact (Al)
» T s
phosphorus silicate glass etching contact firing and edge opening
[ p-doped Si wafer B phosphorus silicate glass [l Si;N,-ARC layer = = + Ag-grid
damage etch removal [l n* layer M| ¢ layer = Al layer

Figure 1.1: Processing steps of a crystalline Si solar cell, the steps are described in the text.

3. During the POCI; step a phosphorus silicate glass layer is formed on the surface
of the wafer. This layer has to be removed from the surface by etching with hydrofluoric
acid (HF).

4. In order to increase light absorption, the emitter, which is the illuminated side
(the front side) of the solar cell, is covered by an antireflection coating (ARC). The ARC
is an approximately 70 nm thick non-stochiometric silicon nitride (SiN) layer grown by
plasma-enhanced chemical vapor deposition (PECVD). The SiN contains high amounts of
hydrogen. During the firing (step 6) hydrogen diffuses into the Si material and passivates
defects and therefore again increases the material quality.

5. The electrical contacts of the solar cells are made by a grid of screen-printed metal
contacts. The front side consists of many thin silver lines, called grid lines (vertical lines
in Figure 1.2), which collect the current from the emitter layer, and two (sometimes
three) thicker silver lines, called busbars (horizontal lines in Figure 1.2), which collect the
electrical current from the grid lines. The backside of the solar cell is covered by an Al
layer, which is typically approximately 30 pm thick. Since Al is not solderable, the back
contact contains two thick silver lines, which have the same size and positions like the
bus bars on the front side (see Figure 1.3). Both contacts are realized by screen printing
of an Ag and an Al paste, respectively.

6. By a subsequent short firing step at temperatures up to approximately 850 °C the
Ag on the front side is etched through the SiN layer and forms an ohmic contact to the n*-
doped layer. The Al on the backside is an element of the third main group of the periodic
system and therefore an acceptor in silicon. Due to the high temperature during the firing
process Al atoms diffuse into the silicon and overcompensate the n-doping. Actually,
during firing Al and Si are forming a liquid eutecticum layer, which recrystallizes in the
cooling phase. Hence, an approximately 6 pm thick pT-doped layer is formed, leading to
a good ohmic contact on the backside of the cell. By the pT-doped layer a so-called “back
surface field” (BSF) is formed. The BSF reduces the recombination of electrons at the
backside surface, since due to the high p-doping the concentration of electrons is smaller
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Figure 1.2: Front view of an acidic textur- Figure 1.3: Layer structure of a typical in-
ized, 156x 156 mm? large mc-Si solar cell. dustrial mc-Si screen printed solar cell.

there and a reduction of the backside recombination velocity is achieved. After the firing
of the contacts the edge of the solar cell is opened by a laser or by chemical or plasma
etching, because the n™-doped layer is wrapped around the edge of the cell and therefore
has direct contact to the p™ BSF layer, which would lead to an unintentional short circuit
at the edge of the solar cell.

1.2 Established Theory of Solar Cell I-V Charac-
teristics

Solar cells are large area p-n junctions. Current-voltage characteristic measurements are
one of the most common tools for characterizing p-n junctions. They reveal a lot of features
of solar cells like leakage and shunt currents, recombination, and breakdown behavior, as
well as series resistance effects. In this section the established theory of -V character-
istics of solar cells will be described. The differences between dark and illuminated -V
characteristics will be explained as well as the forward and reverse behavior.

I-V characteristics of solar cells consist of a forward and a reverse direction, shown
in Figures 1.4 and 1.5. In forward direction the n*-doped region of the p-n junction
is connected to the negative pole and the p-doped region is connected to the positive
pole. Therefore, the electrons in the n-region and the holes in the p-doped region flow
towards the p-n junction and cross it easily, schematically shown in Figure 1.4b). In reverse
direction the n-region is connected to the positive pole and the p-region is connected to
the negative pole. The electrons and holes drift away from the p-n junction (see Figure
1.4a), therefore the charge carrier density in the vicinity of the p-n junction is close to zero
(depletion region with width w, see Figure 1.4) and only a very low saturation current
flows across the p-n junction.
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1.2.1 One-Diode Model

I-V characteristics of p-n junctions (diodes) have been theoretically described by Shock-
ley [10]. The relation between voltage and current of one non-illuminated diode reads as
follows:

Jdark = Js(e% — 1). (1.1)

Here Jgu is the current density? at a non-illuminated p-n junction in A/cm?, Js the
saturation current density in this unit, e is the elementary charge, U the voltage applied
to the junction, k£ the Boltzmann constant, and 7" the temperature. The saturation current
density Jg is strongly affected by the recombination properties in the base region.

In forward direction, U is positive and the current density increases exponentially with
voltage. In reverse direction the saturation current density Jg is reached already at very
low voltages. The blue line in Figure 1.4 shows a plot of equation (1.1) in forward as
well as in reverse direction. The diffusion current density described by equation (1.1) is
indicated in the band diagram of Figure 1.4b) by a straight arrow symbolizing electron
injection from the n™- to the p-side of the junction.

If photons of adequate wavelength hits a solar cell, electron-hole pairs are generated. If
the cell is connected to a load, a current can be extracted from the cell. This light-induced
current density is called photocurrent density J,noto and is in very good approximation
independent on U. It is symbolized in Figure 1.4 by the dashed-dotted arrows. To obtain
the I-V characteristic of an ideal illuminated solar cell, equation (1.1) has to be expanded
by Jphoto- An illuminated solar cell is forward-biased, but the photocurrent is a reverse
current, hence the photocurrent density Jpnoto must be subtracted from equation (1.1),
which leads to

Jillu - JS<6% - 1) - Jphoto- (12)

If series resistances are neglected, the illuminated / -V characteristic described by equa-
tion (1.2) equals the dark / -V characteristic by equation (1.1) shifted by Jphoto, Which is
schematically shown by the red dashed line in Figure 1.4. This so-called “superposition
principle” holds in good approximation for silicon solar cells. At forward bias under illu-
mination the dark current Jg,. reduces Jy,. If an illuminated cell is operated under open
circuit condition, which means no external current flows, Jynoto equals Jqark. Thus 7-V
characteristics of illuminated cells are strongly affected by their dark I -V characteristics.
[Nluminated I-V characteristics define the important solar cell parameters, which are
shown in Figure 1.4. The short circuit current Jg., which is influenced by recombination
in the whole cell and the performance of the antireflection layer and the texturization,
gives a number of how many photons are captured by the solar cell and are converted
to a photocurrent. The open circuit voltage U,., which is strongly influenced by Jg, is
a measure of the recombination in a solar cell and thereby of the material quality. The
maximum power which can be extracted from a solar cell is the product of Jy,,, and Upypp.
Here mpp stands for “maximum power point”, it means that the rectangle formed by Jupp
and Uppp (thin dashed lines in Fig. 1.4) has the largest area. This area, referred to the

2J is determined by dividing the overall current I of a solar cell by the cell area A.
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Figure 1.4: Ideal 1-V characteristics of a solar cell: dark (solid curve) and illuminated (dashed curve);
and the corresponding band diagrams of an illuminated solar cell for reverse a), and forward biasing
b). Important solar cell parameters like the short circuit current Js., the open circuit voltage Us,., and
the mpp are noted in the graph. Fgefecty is the mid-gap level from the SRH theory, where recombination
in the depletion region takes place. Fg, and Fgy are the quasi fermi levels of the electrons and holes,
respectively. Ec and Evy are the conduction band and the valence band edges, respectively.

area formed by Js. and U, is called fill factor (FF):

JoooUm
P = S, (1.3)

The efficency 7 of a solar cell is by definition the quotient of the power density generated
at mpp and the incident power density on the cell area:

- JmppUmpp - FFJSCUOC

(1.4)

Pincident Pincident

1.2.2 Two-Diode Model

The exponential relationship of Shockley’s equation (1.1) is not sufficent to describe the
I-V characteristics of solar cells. By equation (1.1) only the diffusion current (Jy;) of the
diode is described, shown by the solid arrow in the band diagram of Figure 1.4b). However,
in p-n junctions besides the diffusion current also the recombination current (.Jy2) occurs,
which is schematically shown by dashed arrows in the band diagram of Figure 1.4b). The
electrons recombine with holes in the space charge region at a defect level with energy
FEietect- By applying the recombination theory of Shockley, Read [11] and Hall [12] (SRH
theory) to the recombination in the space charge region, a second diode describing the
recombination current density Jyy is defined, which considers recombination effects in
the depletion region [13]. If Egefect = Eg;p (see Figure 1.4b) the recombination is most
effective, which leads to an ideality factor n = 2 in equation (1.5). E,,;, is the bandgap of
the semiconductor.
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Hence, the two-diode model comes from the concept that the p-n junction is acting
as one diode describing the part of the diffusion current density, which leads to recom-
bination in the bulk region, and a second diode describing the part of the space charge
recombination current density, illustrated by the equivalent circuit of a solar cell in Fig-
ure 1.6. Furthermore, the series resistance R and the parallel or shunt resistance R,
both given in in Qcm?, are considered in the two-diode model. These two parameters are
very formally added here without regarding their physical origins. By adding the diffusion
current density and the recombination current density and taking into account that Ry
lowers the voltage at the p-n junction and that R, decreases the current at the diodes,
the two-diode model reads as follows:

e(U~=JRs) e(U=JRs) U—-JR
J = ng(e kT — 1)—|—J02(€ nkT — 1)+R—S (15)
NS ~ e NS ~~ p
diffusion recombination —
resistance

Here Jy; is the diffusion saturation current density and Jys is the recombination saturation
current density. As described above, the ideality factor n of the recombination current term
isn = 2 in SRH theory for a midgap level. If the level is not at midgap, also ideality factors
between 1 and 2 can be explained by SRH theory, but not ideality factors above 2 [14].

In Figure 1.5 a comparision between an /-V characteristic calculated by equation
(1.1) and equation (1.5) is shown. Equation (1.1) (dashed red line in Figure 1.5) only
describes the part of the I -V characteristics, which is dominated by the diffusion current,
whereas equation (1.5) also describes the recombination current, which dominates the /-
V' curve at lower forward voltages. If there is a considerable parallel shunt resistance
R, (dashed-dotted blue line in Figure 1.5) it usually dominates the low-voltage part of
the characteristic. The series resistance Rg reduces the slope at high currents. It will be
shown in the next sections that equation (1.5) fits measured / -V curves much better than
equation (1.1), but the recombination current and the reverse characteristic are wrongly
described.

It should be noted here that, even for infinitely large R,, also the two-diode model
predicts a linear -V characteristic for U < ET'. If the two exponential terms in Figure
1.5 are expanded for small U

J016 J02€
_ i 1.
! (kT+nkT)U (1.6)
appears. This is equivalent to an

Ri— (1.7)

Ji .
T )
without the exponential terms. Thus, it is clearly wrong to measure R, just by evaluating

the linear part of the characteristic for eU < kT, as it is often being done. Instead, the
whole forward characteristic has to be fitted to equation (1.5).




8 CHAPTER 1. SOLAR CELLS
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Figure 1.5: -V curves calculated by the two- Figure 1.6: Equivalent circuit of a solar cell
diode model given by equation (1.5) with in- with serial resistance Ry, shunt resistance R,
finite R, (solid curve) and finite R, (dashed- and the two diodes representing the diffusion
dotted curve). The dashed curve shows the current density and the recombination current
curve calculated by Shockley’s equation (1.1). density.

Reverse-Biased Solar Cells

According to this theory, in the absence of ohmic shunts, the current of a reverse-biased
ideal p-n junction is determined by the diffusion saturation current density .Js from equa-
tion (1.1), which is reached already at very low reverse voltages and is only some fA /cm?.
Js is made up only of those charge carriers which are generated thermally as minority
charge carriers in the corresponding region and which are not recombined before reaching
the n-region for electrons and the p-region for holes, respectively. Hence only those mi-
nority charge carriers, which are generated at a distance of approximately one diffusion
length away from the correspondig majority charge carrier region, contribute to Jg, which

is expressed by:
eD.ni?  eDyn;®
Jg = . 1.8
: (LeNA " LhND) (18)

with D, and Dy being the diffusivities of electrons and holes, n; the intrinsic charge
carrier density, L. and Ly the diffusions lengths of electrons and holes, and Ny and Np
the acceptor dopant and donor dopant concentration, respectively.

Regarding the two-diode model the saturation current density of solar cells is the sum
of the diffusion and recombination saturation current densities Jy; and Jys, which should
be in the order of nA/cm?. In Figure 1.5, in the absence of ohmic shunts, the reverse -
V' curves saturate accordingly to equation (1.8), dashed curve, and equation (1.5), solid
curve. However, it will be shown in the next sections that in real solar cells the reverse
behavior of -V curves can neither be fitted by the one-diode model nor by the two-
diode model. Real reverse I -V characteristics and especially the causes of pre-breakdown
in solar cells will be discussed in this thesis in more detail later on. The next section will
start with a description of the established theory of breakdown in p-n junctions.
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1.3 Breakdown Mechanisms in p-n Junctions

Regarding equations (1.1) or (1.5) the reverse current of a p-n junction should be limited
by the saturation current densities. However, at high reverse voltages a steep increase of
the reverse current is observed, which is called breakdown. The physics of breakdown in
p-n junctions was already reviewed exhaustively in the 1950s and 1960s, and an overview
was given by Mahadevan [15]. The breakdown models discussed there are based on nearly
defect-free monocrystalline semiconductor material and do not consider the high density
of defects in multicrystalline material, which is used for mc-Si solar cells.

1.3.1 Avalanche Breakdown

The mechanism of avalanche breakdown (AB) is schematically shown in Figure 1.7. Elec-
trons in the space charge region, which are accelerated by the electric field of a reverse-
biased p-n junction, may gain enough energy to generate an electron-hole pair by impact
ionization. If the newly generated electrons and holes gain also enough energy to gener-
ate further electron-hole pairs, a charge carrier avalanche will be produced. The number
of electrons in the conduction band increases quickly and results in a high current flow
across the p-n junction. Then breakdown due to avalanche occurs. Avalanche breakdown
(AB) is also called impact ionization breakdown. It is characterized firstly by a negative
temperature coefficent (TC) of the breakdown current and secondly by the multiplication
of charge carriers. The negative TC is due to electron energy loss caused by increased
phonon scattering at higher temperatures. Therefore, the probability of electron-hole pair
generation decreases with increasing temperature.

The multiplication of charge carriers can be measured by illuminating a reverse-biased
p-n junction. Then the multiplication is expressed by the ratio of the photocurrent at a
certain reverse voltage I(U) under avalanche conditions to the constant photocurrent at
a low reverse voltage I(Uoy), at which no avalanche occurs. This ratio is the avalanche
multiplication factor MF":

1)
I(Uyow)
For a flat p-n junction with a typical base doping concentration of solar cells of N =

1 x 10' ¢cm™3, the avalanche breakdown voltage should be about —60 V [16]. A more
detailed description of AB and its properties can be found in [17].

MF(U) = (1.9)

1.3.2 Zener Effect

The second breakdown mechanism is the Zener effect [18], schematically shown in Figure
1.8. The basic mechanism of the Zener effect is tunneling of an electron from the valence
band to the conduction band. The probability of tunneling depends on the field strength
at the p-n junction. For significant currents due to band-to-band tunneling an electric
field of £ > 10° Clm is needed in Si [19]. In Si p-n junctions such fields are achieved if the
base doping concentration is N > 5 x 10'"em™ [20]. Under these conditions the Zener
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Figure 1.7: Avalanche effect schematically. The Figure 1.8: Internal field emission (Zener effect)
figures state the number of electrons and holes schematically. The symbols are explained in the
after each impact ionization. legend of Figure 1.7.

breakdown voltage in Si is U, ~ —5 V [19, 20]. Note that at a doping concentration
of N ~ 5 x 107em™3 in Si, avalanche multiplication becomes the dominant breakdown
mechanism already at a voltage of U ~ —7 V [19]. Hence, Zener breakdown may only occur
in very narrow highly doped p-n junctions [21] at low reverse voltages. Since electrons are
emitted from the valence band to the conduction band, the Zener effect is also called
internal field emission (IFE). The current due to Zener effect may be high enough to
produce breakdown in p-n junctions [22]. The tunneling current J; is given by [19]:

V2m*e3EU <_4\/ 2m*E§é§> (1.10)

Jo= Yemeed
VT g2 B, ¥ 3eEh

Here m* is the effective mass of electrons in Si, U the reverse voltage, £ the electrical
field, which also depends on U by £ %, and A the reduced Planck constant.

Zener breakdown is characterized by a positive temperature coefficent of the current,
because the bandgap becomes smaller at higher temperatures and thus tunneling becomes
more probable. For Zener breakdown no carrier multiplication is expected. Since the
base doping concentration in solar cells is only 10'% cm™3, Zener breakdown should be
improbable here.

1.4 Real I-V Characteristics

In Figures 1.9 and 1.11 a measured forward and reverse -V characteristic of a typical
industrial screen printed, acidic texturized mc-Si solar cell without any ohmic shunts is
shown by the open circles. The physical quantities affecting real I -V characteristics are
described in this section.
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1.4.1 Forward I-V Characteristics

In Figure 1.9a) different effects on the shape of a real forward I-V characteristic are
shown. The short-dashed blue curve in Figure 1.9a) represents the diffusion current part
of the -V characteristic. The intersecion of this line with the current density axis is
giving the value for Jy;. The dashed red curve in Figure 1.9a) represents the part of the
I -V characteristic which is caused by the recombination current. The intersection of that
line with the current density axis gives the value for Jys. A low parallel (shunt) resistance
R, of the solar cell would further increase the current at low voltages, which is denoted
in Figure 1.9a) by the green dotted-dashed curve. The serial resistances R flattens the
I-V characteristic at higher voltages, because the serial resistance becomes important at
higher currents and linearizes the characteristics. This effect is shown in Figure 1.9a) by
the orange double-dotted-dashed line. The measured curve (open circles) was fitted by
the two-diode model and the fit is shown by the solid line in Figure 1.9a).

forward b) reverse
UI[V] 12 9 6 3 0
- 0.0
- -04
Ub

- -0.8
10° .' . . . . . > | 40 —
0,0 0,1 0,2 0,3 0,4 0,5 0,6 I 12 $
©000-measured —--- Ry = diffusion U [ V ] -~

two-diode = —-—-- R, ——— recombination

Figure 1.9: Measured forward a) and reverse b) I-V characteristic of a standard industrial solar cell (open
circles) with negligible high R,,. The influences on the shape of the forward -V curve are schemetically
indicated in a) (explained in the text). In b) the reverse characteristics of the solar cell plotted linear for
the estimation of Uy, is shown.

Fit Parameters for Two-Diode Model

The parameters for the fit by equation (1.5) are extracted from the measured -V charac-
teristic. From the intersections of the extrapolated diffusion current density curve (short-
dotted curve in Figure 1.9a) and the extrapolated recombination current density curve
(dashed curve in Figure 1.9a) the values of Jy; and Jy, for the fit are taken: Jy; = 3 x 107
% and Jyy = 4 x 10 %. The value of Jy; is at least in the correct order of the value
expected by theory for a lifetime of 10 ps, but Jy, is 2 to 3 orders of magnitudes higher
than expected. McIntosh [14] has calculated Joy depending on the lifetime 7 of the charge

carriers and the resistivity of the Si material.
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For the typical dopant concentration of solar cells of N ~ 3 x 106 cm™ MecIntosh calcu-

lates Jyo to:
mA 1s

—12

Jo2 =10 m? 7[3]’ (1.11)
which would lead to Jy = 10_75%2 for the measured solar cell here, assuming an electron
lifetime of 7 = 10 ps.

To achieve a good fit with the measurement n differs significantly from the theoretical
value 2. Here n is found to be 3.2. Since the cell measured for Figure 1.9 was a cell without
shunts (high R,) and no serial resistance problems (low Ry), typical values of R, = 1x 10*
Qcm? and R, = 1 x 10 Qcm? were used for the fit.

Regarding n=3.2, which is significantly higher than the expected value of 2 and the
unexpectedly large value of Jys, even the two-diode model assuming SRH theory seems to
be not sufficient for describing all physical mechanims of real forward / -V characteristics.

1.4.2 Previous Models for the Recombination Current

Queisser already has noticed the unexpectedly large ideality factor of solar cells and has
suspected its cause in metallic precipitates in the material [23]. However, such precipitates
are not present in typical solar cells.

Kaminski et al. have attributed this current to trap-assisted tunneling or field-assisted
recombination at point defect levels [24]. Since for increasing forward bias the electric
field in the depletion region reduces, trap-assisted tunneling becomes less probable for
increasing forward bias, which is equivalent to a saturation effect leading to an increase
of the ideality factor. However, the concentration of really existing point defects in solar
cells is much too small to account for the really measured magnitude of the recombination
current.

Schenk and Krumbein have tried to solve this problem by assuming two-level (pair)
recombination with participation of at least one shallow level [25]. Due to their low energy,
and since shallow levels have a spatially more extended orbital, trap-assisted tunneling
is much more probable for shallow levels than for deep levels. However, since single shal-
low levels show a very weak coupling to the more distant band, Schenk had to assume
infinitely strong coupling between the shallow level and a second deep one or a compli-
mentary shallow level. In reality this coupling should be exponentially dependent on the
distance of the levels to each other, so assuming infinitely strong coupling is a very coarse
assumption. Nevertheless, also Schenk was not able to explain the magnitude of measured
recombination currents quantitatively based on the concentration of known defect levels.

Breitenstein and Heydenreich and later on also many other authors have published
the observation that the recombination current is not proportional to the area but to the
circumference length of a cell [26]. Hence it should be essentially due to recombination
at surface states in the position where the p-n junction crosses the surface. This edge
recombination current density has to be given in units of A /cm (per cm edge line) instead
of A/cm? as was usual previously.
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Kiihn et al. performed realistic device simulations of the edge region and found that, if
the edge region is treated only as a recombining surface without any surface charging
(according to SRH recombination theory), the finite thermal velocity of carriers limits
the recombination current density to values below 107® A/cm?, which is much below
typically measured values [27]. Kiihn et al. showed that this limitation may be overcome
by assuming oxide-induced surface charges leading to a depleted surface. This depletion
occurs also naturally at any extended defects in doped semiconductors with a high density
of states due to capture of majority carriers. The corresponding band bending locally
expands the recombination region and thus allows to explain large surface recombination
current densities. This effect was already considered by Breitenstein and Heydenreich,
but the theoretical description proposed there was wrong, since it did not regard any
surface recombination. The effect of a surface depletion region on edge recombination is
schematically shown in Figure 1.10, which is based on [26]. Since the n™-emitter is highly
doped, only depletion of the p-surface is assumed here. The barrier at the surface leads to
a “groove” (see Figure 1.10b) where electrons from the highly doped emitter are injected
into. The recombination with holes occurs then in an extended region of the p-surface
shown by the thick red line in Figure 1.10b), which is the final reason enabling higher
recombination currents. Whereas, at the p-n junction only directly at the p-n junction
recombination occurs as shown by the short thick red line in Figure 1.10a).

b)

Ec O S = Ep
Ev
== site of recombination

Figure 1.10: In a) the recombination at the p-n junction is shown, b) shows the additional recombination
at the “groove”, Fj, is the barrier hight.

MeclIntosh treated the edge current only by SRH theory, leading to an ideality factor of 2
[14]. However, he explicitely regards the series resistance in the emitter layer on the way to
the edge region. As it was mentioned already in sections 1.2 and 1.4, this resistance indeed
tends to increase the ideality factor. However, for a single diode it actually only creates
a “hump” in the I-V-characteristic, rather than a large ideality factor over an extended
bias range. For fitting such characteristics McIntosh had to assume rather unrealistic
combinations of very different series resistances to different edge regions. Especially this
theory cannot explain large ideality factors at low forward biases below 0.2 V, since at
such low voltages the recombination current is so small that the series resistance does not
play any role. It will be shown below that indeed the series resistance increases the ideality
factor of the recombination current, but it is not the primary reason for a large ideality
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factor. There must be intrinsic reasons leading to a large ideality factor for recombination
at extended defects like surfaces.

Hence, in spite of many new results, a satisfying physical model for describing the
recombination current in solar cells was still missing so far. New findings on this topic
will be introduced in section 3.1.4.

1.4.3 Reverse I-V Characteristics

The reverse direction of the measured I -V characteristics is shown in linear representation
in Figure 1.9b). It shows a low and moderate slope up to a certain reverse voltage. From
that voltage on a steep increase of the current occurs, this voltage is named breakdown
voltage Uy,. By extrapolating the steepest part of the curve to I = 0 the breakdown voltage
U, can be estimated. This leads to Uy, =~ —13 V for the measured I-V curve in Figure
1.9b).

Conventionally on the y-axis of the I-V plots current densities of solar cells are indi-
cated, assuming a homogenously current flow through the cell area. For forward currents,
at least for the photocurrent and the diffusion current in monocrystalline cells, this ap-
proximation applies. For the shunt and recombination currents, especially for the reverse
current, this approximation does not apply for solar cells, because most of these currents
flows at localized sites (see below). As a consequence, for the forward characteristic the
current density J is plotted, whereas for the reverse characteristic the current I is plot-
ted (e.g. in Figure 1.9b). Here the cell area is 243 cm?. Note that the measured reverse
current is orders of magnitudes higher then predicted by SRH theory and does not show
the expected saturation behavior. The breakdown voltage of —13 V is significantly lower
than the —60 V expected for avalanche breakdown at this doping concentration.

Breakdown Regions

Figure 1.11 shows semi-logarithmically the plot of the measured reverse I -V characteristic
of the same solar cell as in Figure 1.9. The reverse I -V characteristic is divided into three
regions, namely linear, defect-induced pre-breakdown and hard pre-breakdown, which are
schematically shown and separated by thin vertikal solid lines in Figure 1.11. Close to the
origin the reverse characteristic shows a linear behavior and the current at —2 V is already
much higher than expected from equation (1.5). In the defect-induced pre-breakdown re-
gion the reverse current increases moderately superlinearly and is also significantly higher
than expected from equation (1.5). In the hard pre-breakdown region the reverse current
increases strongly as shown in the example in Figure 1.11 from Uy, ~ —13 V on. A lot
definitions for Uy, can be found in the literature, which are summarized e.g. in [15]. Since
several physical mechanisms may be responsible for pre-breakdown, there is no unam-
biguous definition for U),. Mostly the point in the reverse -V characteristic, at which
the slope of the reverse current increases considerably compared to the slope of the rest
of the I-V characteristic is used to define U},. However, the definition of Uy, is generally
arbitrarily since breakdown in p-n junctions is not a threshold process.
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Reverse Models

The two-diode model given in equation (1.5) considers none of the above described reverse
behaviors. In Figure 1.11 the two-diode model (solid curve) and the measured reverse [ -
V' characteristic (open circles) are compared. Obviously equation (1.5) does not fit the
measurement. Other approaches to fit reverse [ -V characteristics of solar cells by different
authors are given in the following. In Figure 1.11 fits by different models are shown. One of

reverse A
hard defect-induced linearf 10°
pre- pre-breakdown region region

break-
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Figure 1.11: Measured reverse I-V characteristic of a standard industrial solar cell (open circles). The
linear, the pre-breakdown and the hard pre-breakdown region of the reverse characteristic are shown as
well as the fits of the two-diode model (solid line) and the models of Spirito (rectangles) and Garcia
(dashed line).

the first attempts to study reverse characteristics was made by Rauschenbach [28] in 1972
(not shown here). Later different authors proposed models to fit the reverse characteristics
of solar cell by means of avalanche breakdown [29, 30, 31]. A nice overview about these
models is given by Alonso-Garcia [32], who contributes another model in that publication.

All these models are empirical and are based more or less on Bishop [29], whose
one-diode model was adapted to the two-diode model by Quaschning et al. [33]. Here
two of the reverse models reviewed in [32] will be exemplarily shown. These models are
used to fit the measured reverse characteristic and are shown in Figure 1.11. For the fit
with Spirito’s model [30] a breakdown voltage of U, = —13 V and a dark current of
Tiark = 9.7 x 1072 mA from the measured /-V curve, which equals the recombination
saturation current Jog = 4 x 10 % (see Figure 1.9a), are used. Jy; is neglected, because
it is orders of magnitudes smaller than Jy. The models by Spirito [30] and Hartman
[31] are equal, and exhibit a poor correlation with the measurement. In both models the

avalanche breakdown is considered by a multiplication coefficient MC:
I= (Isc L (€70 FT — 1)) MC(U), (1.12)
with
1

MO = Ty

(1.13)
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and m = 3 the Miller exponent [34], I, = 0 A, because we are regarding dark IV char-
acteristics (I is the short circuit current). Lopez Pineda (equation (4) in [32]) extended
Spirito’s equation by the influence of a shunt resistance R,,, which does not change the re-
verse [ -V characteristic significantly and therefore is not shown here. None of the models
mentioned here fits the real reverse characteristic.

The model of Garcia (equation (6) in [32]) considers the saturation currents in the
term Iy and fits the reverse -V characteristic quite well, which is shown in Figure 1.11.
Garcia’s model reads as follows:

Iy I — GLU + cU?

I = = 1.14
- K. 1— e(Be(l— (Ud*Ub)/(Ud*U))) ( )

with K, the multiplication coefficient, B, a dimensionless constant (described in [35]),
Gp the shunt conductance, ¢ a coefficient (described in [32]) and Uy the built-in voltage
with a value of approximately 0.9 V. For the fit I, = 0 mA, B, = 3, G, = 1 x 10* %,
c = 0.27 m and a breakdown voltage of U;, = —15.35 V are used. Uy, is higher than
examined from Figure 1.9b), because Garcia uses a different definition for determining the
breakdown voltage [32]. Ruiz and Garcia proposed to weight the different currents in the
numerator of equation (1.14) [35], but the physical origins of the weighting factors respec-
tively the microstructural breakdown mechanism are still unclear. The fit-parameters of
the model of Garcia are empirical, and in none of the presented models any defect states
contributing to the reverse behavior of solar cells are discussed.

Only Bishop and Simo tried to find the physical reasons of the formation of hard
avalanche breakdowns (hot-spots) in solar cells. Bishop mentioned small pits in the surface
of the solar cell causing hot-spots [36], and Simo found an increased densitiy of defects in
the solar cell material at hot-spot sites [37]. However, he was only able to speculate about
the physical mechanism of the hot-spot formation. In particular the underlying physical
mechanism causing the breakdown effect was still unclear.



Chapter 2

Measurement Methods

In this chapter measurement methods are introduced which are helpful to image the
distribution of currents in solar cells. A very powerful tool for this purpose is lock-in ther-
mography (LIT) and its different modes, which are described in section 2.1. In particular,
in section 2.1.1, new LIT methods for imaging physical parameters of pre-breakdown sites
in solar cells are presented, which were developed in this thesis. These techniques are very
important for investigating the behavior of reverse-biased solar cells and permit detailed
analysis of the lateral distribution of different physical mechanisms.

Afterwards, in section 2.2, brief introductions are given into the use of electrolumi-
nescence (EL) and in section 2.3 of electron microscopy methods like scanning electron
microscopy (SEM), electron beam induced current (EBIC), and transmission electron mi-
croscopy (TEM) for solar cell research. The latter methods are very important to study
the microscopic structures in solar cells influencing the behavior of -V characteristics.
In section 2.4 different light microscopy techniques are described and some details of
electrical measurements are given.

Finally a short overview of special methods to image and characterize precipitates in
multicrystalline Si, which may cause shunts in solar cells, is given.

2.1 Lock-in Thermography

Lock-in thermography is a camera based imaging method to determine small temperature
deviations in the device under test. In solar cells temperature deviations may be caused
by heating due to higher local current densities at defects compared to the expected
homogeneous current density. The higher the current density at a certain position the
higher is the temperature at this position. Since in solar cells the temperature deviations
are in the range of some mK down to some nK, the lock-in technique has to be used to
enhance the signal-to-noise ratio.

Here the basics of LIT are described, for a detailed description of LIT techniques the
reader is refered to the textbook by Breitenstein and Langenkamp [38].

17
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The Lock-in Principle

Lock-in is a technique to separate small periodic signals from statistical noise. For that
purpose it is necessary to pulse the primary signal periodically with the so-called lock-in
frequency fioain before the signal is amplified and detected. The oscillating alternating
current (a.c.) part of the signal is converted into a direct current (d.c.) signal by rectifying
the signal. Controlled by a reference trigger, the negative part of the signal is converted
into a positive signal, whereas the positive part of the signal passes the rectifier directly
without any change. The noise, which is also rectified, is suppressed by a small-band
filter, whose center frequency equals the signal frequency. Now only the small-band noise
contributes to the output signal. This remaining noise is statistical noise and averages out
to a value of zero if the output signal is integrated over a certain time. Only the direct
current signal is left. With lock-in technique it is possible to separate signals, which are
orders of magnitudes smaller than the surrounding noise [38].

The lock-in output signal S is described by the multiplication of the detected sig-
nal F'(t) with a symmetric correlation function K (¢). For the integration over a certain
integration time ¢y, S is [38]:

1 ting

S=— [ F@)K(t)dt with K(t) = {

tint 0

+1 (first half period)

—1 (second half period) (2.1)

The correlation function K(¢) has to be symmetric so that after a number of complete
lock-in periods within the integration time the integral over K(t) is exactly zero. For
LIT digital lock-in correlation is used. Therefore, F'(t) and K(t) are transformed into
numbers of the measured values Fj and the weighting factors K, respectively, ¢, as to
be substituted by the number of measurements M, so S becomes a sum [38]:

1 M
§= ’; F Ky (2.2)

For several reasons it is advantageous to perform LIT with digitization events, which are
syncronized to floein- For solar cells the synchronization of the lock-in frequency with
the digitization events is easy to manage [38]. Therefore, in one lock-in period a certain
number h of digitization events takes place, with h > 4 [38]. The measurement is averaged
over H lock-in periods and in each of these lock-in periods the weighting factors K are
the same. The digital lock-in correlation reads then as follows [38]:

H h

5= 3 S K (2.3)

i=1 j=1

In our LIT system the two-channel correlation, i.e. two sets of correlation functions,
approximating a sine and cosine, are used. The advantage of the two channel correlation is
that the phase and amplitude informations of the signal are considered. The first channel,
measures the signal in phase with the sine, this is the S signal. The second channel
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measures the signal in phase with the cosine, i.e. 90° phase-shifted to the first channel,
called S signal. Since in lock-in thermography the S?° signal is negative, the —cosine is
used, i.e. the S™° signal, to have both signals positive. The weighting factors then read
as follows [38]:

K = 2sin (@) K7 = —2cos (@) (2.4)

and the amplitude A and phase ® of the signal are [38]:

A= /(8)2 + (579°)2 (2.5)
_ g-90° )
$ = arctan (T) (-180° if S* is positive). (2.6)

Lock-in Thermography at Solar Cells

In Figure 2.1 a camera based lock-in thermography measurement setup is shown schemat-
ically. Our system is a commercial lock-in system TDL 640-XL from Thermosensorik
GmbH Erlangen [39]. It is equipped with a camera containing an indium-antimonide
(InSb) detector array with 640x512 pixels, which is sensitive for wavelengths from 1 to 5
pm (near- to mid-infrared).
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Figure 2.1: Scheme of a camera based lock-in thermography imaging setup for solar cells. The solar cell
is pressed on a copper chuck by an infrared (IR) emitter foil, which is sucked on the chuck by a vacuum
pump. The principle of the sine/-cosine correlation is shown schematically for h = 15 frames per lock-
in period. The results shown here are the S°° and S~9°° images of a measurement of a solar cell. For
LED-illumination (ILIT) a transparent foil has to be used. The Figure is adapted from [38].

For lock-in thermography it is necessary to have a periodic temperature signal from the
solar cell. For dark lock-in thermography (DLIT) this is provided by applying a square-
shaped pulsed voltage Upyisea to the solar cell. If the solar cell is illuminated with pulsed
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or continuous light, the technique is called illuminated lock-in thermography (ILIT). The
illumination is indicated by the light emitting diodes (LED) in Figure 2.1. The voltage or
light pulses are defined by the lock-in frequency fiocin [38]

fioemn < 2, .7
which is provided by the personal computer (PC). fs is the image sampling rate of the
camera in Hz, and h is the number of frames per lock-in period. For A the condition
h > 4 holds [38]. The lock-in correlation procedure is then applied to each pixel of each
image, which is schematically shown in Figure 2.1. From the S° and S~ images the
phase-independent amplitude image A and the phase image ® are calculated by equations
(2.5) and (2.6), respectively.

The lock-in procedure provides four images, the measured 0° and —90° images and
the calculted amplitude and phase images. The 0°, —90° images and the amplitude image
are scaled in mK, the phase image is scaled in degree. Additionally to these four images
a topography image, which allows to compare the positions of the heated sites with the
topology of the solar cell, is taken by the camera. The image quality, i.e. the signal-to-noise
ratio of a lock-in thermography image, is, among other parameters, mostly influenced by
the lock-in frequency fioekin and the number of lock-in periods H (measurement time).
These influences and others are discussed in detail in [38]. Here only some basic rules are
highlighted.

The image from a localized heat site is blurred, because the thermal wave propagates
in all directions into the material. The heat conductivity A of Si is very high (148 %)
Therefore, heat signals in Si solar cells are broadened strongly and the spatial resolution of
heat sources by LIT is limited. This is expresed by the so-called thermal diffusion length

A [38]:
2\
A= — 2 2.8
pCpZﬂ—flock-in ( )

with A the heat conductivity, p the density, and ¢, the specific heat of the material. A
depends on the material, and on the lock-in frequency by 1/+v/fiock.in, Which means the
higher the lock-in frequency the better is the spatial resolution of heat sources in a LIT
image. For example, in Si A is 3 mm at a lock-in frequency of 3 Hz. However, the higher
flockin the smaller is the signal and therefore the measurement time has to be increased
in order to achieve a good signal-to-noise ratio.

The signal-to-noise ratio is improved by increasing the measurement time t,,es, i.€.
the number of lock-in periods. The average amplitude of the noise for constant fioecin

behaves like [38]: (Apoise) ¢ \/ﬁ

The S image of a LIT measurement reveals the highest spatial resolution of heat
sources in solar cells [38]. This can be seen from the comparision of the S image with
the S~ image in Figure 2.1. It has to be noted here that the solar cells investigated
in this work can be regarded as thermally thin samples, which means that the thermal
diffusion length A is large compared to the thickness of the solar cell. Therefore, the —90°
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phase component of the LIT measurements has to be used for any quantitative analysis
[38]. The S~ image is proportional to the locally dissipated power and therefore can be
used for techniques which are described in detail in [38, 40].

2.1.1 Imaging of Physical Parameters of Forward Biased Solar
Cells

Forward I-V characteristics of solar cells are influenced by the shunt resistance R,
the serial resistance Ry and the diffusion- and recombination-current densities. All these
parameters can be imaged by dark lock-in thermography (DLIT) and illuminated lock-in
thermography (ILIT).

Imaging of Shunts, Recombination- and Diffusion Current by DLIT

Shunts are represented either by very low R, at localized sites, or by certain areas in
solar cells where for any other reason a locally increased current flows inside the cell. At
these specific sites the solar cell heats up if a voltage is applied to the cell or if the cell is
illuminated. A detailed description of different types of shunts in crystalline Si solar cells
is given partly later in this thesis and in [41].

Shunts are divided into two types: linear (ohmic) shunts and non-linear shunts. For
shunt imaging by DLIT a pulsed voltage Upyisea is applied to the solar cell and the dis-
tinction between linear and non-linear shunts can be easily made by taking a DLIT image
at Upuised = 0.5 V forward bias and Upysea = —0.5 V reverse bias, respectively. In Figure
2.2 typical DLIT images of a solar cell containing linear and non-linear shunts are shown.
If the amplitude signal A at a shunt position depicts the same strength in both images
the shunt is a linear one, as shown in Figure 2.2a) and b) by the dotted arrow. On the
other hand, if A is different in both images the shunt is a non-linear shunt. This is shown
in Figure 2.2a) and b) by the solid arrows.

If Upisea < 0.5V, primarily localized currents like ohmic shunt currents and recom-
bination currents are imaged by DLIT (cf. Figure 1.9a), which is shown in Figure 2.2a).
The reasons for non-linear shunts are manifold, mostly they may be caused by enhanced
recombination current at scratches, cracks, or other extended defects (see section 3.1.4).
Especially the DLIT signals at the opened edges of the solar cell are caused by enhanced
recombination current as can be seen in Figure 2.2a) at the dashed arrow. At voltages
Upuisea > 0.5V, the 2-dimensional diffusion saturation current density can be imaged, this
is shown in Figure 2.2c). This high current DLIT-image anti-correlates with the lifetime
image (cf. Figure 2.9b), because the regions of high diffusion current correspond generally
to regions of low lifetime.

Imaging of Shunts by ILIT

ILIT was invented independently by Isenberg [42] and Kaes [43] in the year 2004. To image
shunts with ILIT the solar cell is illuminated homogenously with pulsed light of ideally
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DLIT: 0.5V, 510 mA DLIT: -0.5V, 157 mA DLIT: 0.57 V, 3470 mA U, ILIT at mpp
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Figure 2.2: Amplitude DLIT images of a solar cell: a) at forward bias, b) at reverse bias, and c) at higher
forward bias of 0.57 V, here the 2-dimensional signal shows the distribution of the diffusion saturation
current density Jp1. In d) a U,e-ILIT image of the cell at mpp U = 0.5 V is shown.

850 nm to 950 nm wavelength. If the solar cell is not contacted, i.e. no current flows in an
external circuit, this technique is called U,.-ILIT. Depending on the illumination intensity
it is possible to image the cell at different points on the illuminated / -V characteristics,
e.g. at mpp or at U, (cf. Figure 1.4). The advantages of Uye-ILIT over DLIT is that the
solar cell needs no contacts and that non-linear shunts, which are caused by recombination
sites, are a bit stronger pronounced than in DLIT. The disadvantage is that it is impossible
to distiguish between linear and non-linear shunts, since the cell under open circuit is
always forward biased.

In Figure 2.2d) an U,.-ILIT image of the solar cell is shown. The image was taken
at mpp, i.e. 0.5 V. The ILIT signals at the non-linear shunts are a bit stronger than in
the forward DLIT image in Figure 2.2a). Please note that the U,-ILIT image is scaled
differently than the DLIT images in Figure 2.2. Of course, also the linear shunts are clearly
visible in the U,-ILIT image as can be seen in Figure 2.2d) at the dotted arrow.

Imaging of Serial Resistance

The serial resistance Ry of solar cells can be imaged by DLIT under high forward bias or
by the R -ILIT technique [44]. For imaging Rs by DLIT a high forward bias is applied
to the cell, because Rg has only a resonable effect at high currents. Then regions of high
R appear dark, because no or less diffusion current flows there. The disadvantage of this
technique is that it only works well for monocrystalline Si solar cells, where homogenous
material quality and therefore homogenous lifetimes can be assumed. Multicrystalline Si
solar cells show an inhomogenous lifetime distribution. Therefore, it is hard to distinguish
between regions of high lifetime (which appear also dark in the high-current DLIT image)
and regions of high R;. It had to be proposed to solve this problem by yielding the ratio
of a high-current and a medium-current DLIT image [44]. However, this technique did
not become popular yet since high-lifetime regions appear very noisy.

R-ILIT overcomes the problems of Ri-DLIT by performing the ILIT measurement
under continous illumination and applying a pulsed bias to the solar cell. Due to the



2.1. LOCK-IN THERMOGRAPHY 23

DLIT: 0.55 V corrected Rq-ILIT

Figure 2.3: a) R.-ILIT image, b) DLIT image measured at 0.55 V showing shunts, and c¢) Rs-ILIT image
corrected by the DLIT image.

illumination the ILIT signal is generally higher than the DLIT signal. The bias is pulsed
between short circuit (0 V) and mpp (0.5 V). At regions of high Ry the ILIT-singal
becomes less negative or positive, this is explained in detail in [44]. Drawbacks of R-ILIT
are firstly that the image can not be interpreted quantitatively, since the signals depend
non-linearly on Ry, and secondly that the R.-ILIT image also shows shunts. The latter
drawback can be corrected by substracting a shunt image, taken by DLIT ideally at 0.55
V, from the Ry image [44]. Figure 2.3 shows an R-ILIT image, the corresponding DLIT
shunt image at 0.55 V and the shunt-corrected R,-ILIT image. A technique to evaluate the
serial resistance quantitively is the RFEcombination current and Series resistance Imaging
(RESI) technique by Ramspeck et al. [45]. This technique is a combination of lock-in
thermography and electroluminescence imaging.

Imaging of the Ideality Factor n

With DLIT it is also possible to map the ideality factor n [40]:

G(Ug — Ul)
n(x,y) = ST o) (2.9)
len( 2 oy )
Sl ( 7y)U2

where U; and U, are forward voltages in a small range near the maximum power point,
for example U; = 0.5 V and Uy = 0.55 V are appropriate values. ngoo, 52,900 are the
corresponding —90° images. In Figure 2.4 DLIT images at 0.5 V and —0.5 V and the n-
factor map of an mc-Si solar cell are shown. The shunts, which are marked by arrows in
Figure 2.4, and the edges of the solar cell show an enhanced n-factor of up to n > 4.
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Figure 2.4: DLIT images at different voltages and map of the ideality factor n of an mc-Si solar cell.

2.1.2 Imaging of Physical Parameters of Reverse-Biased Solar
Cells

The LIT techniques presented so far are techniques to image physical parameters of
forward-biased solar cells. In the last years the interest on the reverse I -V characterisic
and pre-breakdown behavior of solar cells increased. In this section new LIT methods are
presented, which were especially developed in this work for imaging physical parameters
of pre-breakdown sites in solar cells. These new methods are published in [46].

There are two main breakdown mechanisms, namely internal field effect (IFE) and
avalanche breakdown (AB), which have already been described in section 1.4. The main
physical parameter to distinguish the two breakdown mechanisms is the temperature
depedence of the reverse current. AB shows a strong negative temperature coefficient,
whereas IFE shows a slightly positive TC, regarding the reverse current, respectively.
Furthermore, AB is characterized by the multiplication of charge carriers. In the following
section new LIT techniques to image the temperature coefficent of the reverse current,
the slope of the reverse current, and the multiplication factor of the avalanche breakdown
(see equation (1.9) are described.

DLIT Current Density Images

To image the temperature coefficient and the slope of the current at reversed biased solar
cells, standard DLIT measurements have to be performed. At first the measured DLIT
images, which are scaled in mK, have to be converted into current density images scaled
in %. For this purpose it is necessary to use the S™%°° image, because in thermally thin
samples like solar cells only these images are proportional to the locally dissipated power
density [40].

To convert an S~ image into a current density image the average temperature signal
(T) of the S~ image has to be calculated. If (z,y) is the size of the —90° DLIT image

in pixels, (T') reads as follows:

(- B Ea S 0 k) 210,




2.1. LOCK-IN THERMOGRAPHY 25

If the imaged area is A with the corresponding total current of that area I, and the
temperature signal at each pixel S™(x,%) in mK, then the current density J(z,y) at
each pixel is:

o 1
J =9 — 2.11
(z,y) (z,y) A (2.11)
In the following the term (z,y) will be skipped for simplification, so that J(z,y) = J
and S (z,y) = S79°. Note that this procedure works only accurately if the cell has no
series resistance problems and if the flowing currents are moderate.

Temperature Coefficent DLIT

For imaging the temperature coefficient, the solar cell is imaged at different temperatures
T;. This is realized by tempering the copper chuck, and thereby the attached solar cell
(see Figure 2.1), by a water thermostat to the desired temperature with an accuracy of
AT = +0.5 °C. At each temperature several DLIT images of the solar cell at various
reverse voltages U; are taken. It is important that all DLIT images are taken at the same
position of the cell in the image. This assures that each pixel of an image matches the
corresponding pixel in the other images. All DLIT images, measured at 7; and U;, have
to be converted into current density images J;; by applying the procedure in equations
(2.10) and (2.11). From the J; ; images a two-dimensional set of the current density images
at different temperatures and reverse voltages can be generated, which is very helpful to
analyze the results.

The temperature coefficient (TC) image is calculated by substracting two current
density images Ji; and J;;.; taken at the same reverse voltage U;, but at consecutive
temperatures 7 and Tj.;. This difference is normalized to the average of J;; and Jj; and
the temperature difference. The resulting image is called TC-DLIT, which is calculated
as follows:

2( Sy — Jija)

(T = T31) (Jig + Jij)

The TC-DLIT image shows the distribution of the TC in the reverse-biased solar cell
and is scaled, if equation 2.12 is multiplied by 100, in %/K. Figure 2.5 shows an example
of a TC-DLIT image of an me-Si solar cell. The TC-DLIT image is independent of the
magnitude of the reverse current density. Equation (2.12) is normalized to the average
current density (J; + Ji.1)/2 and therefore describes the slope of the current density J
at the midpoint of the two temperatures Tryq = (7} + T5.1)/2. Mathematically this is a
central-difference derivate at Ti,;q, which gives the correct value for linear functions. For
non-linear functions the difference 7j — 7;.; has to be suitably small to get correct values,
according to the fact that the central-difference derivate is a difference quotient.

TC-DLIT = (2.12)

Slope-DLIT

To image the slope of the local reverse current at a constant temperature 73, DLIT images
at two biases U; and Ui, are taken. Analogously to TC-DLIT imaging these —90° DLIT
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DLIT: 80°C, -18.5V,2.2A DLIT: 60°C, -18.5V, 24 A )°C,-18.5V
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Figure 2.5: -90° DLIT images of an mc-Si solar cell measured at a) U; = —18.5 V and 7} = 80 °C and

b) Ui = —18.5 V and Tj.; = 60 °C. In ¢) the TC-DLIT image calculated from the images in a) and

b) is shown. All regions appearing dark indicate a negative TC, the regions appearing bright indicate
a positive TC of the local pre-breakdown sites. In particular: The solid arrow marks a pre-breakdown
site of clearly negative TC, the circle mark a pre-breakdown site of TC about 0 %/K, the square marks
a region which seems to be pure noise, but is dominated by positive TC (as will be shown later). The
dashed arrow points at a site where clearly positve TC is measured.

images are converted into current density images by applying equations (2.10) and (2.11).
These images are then used to calculate the so-called slope-DLIT image by subtracting
the current density image at Uy, from that at U; and normalizing this difference to the
voltage difference and the average of the current density images leading to an equation
similar to equation (2.12):

2(Jij — Jiy)
(Ui = Uir) (Jij + Jiry)

slope-DLIT = (2.13)

Slope-DLIT images show the slope of the current in reverse-biased solar cells indepen-
dently of their magnitude and are scaled in V!, or, if equation (2.13) is multiplied by
100, in %/V. With slope-DLIT images it is easy to distinguish between sites of different
steepness of the current in solar cells, which is examplarily shown in Figure 2.6.

Multiplication Factor ILIT

With multiplication factor ILIT (MF-ILIT) it is possible to image the local multiplication
of charge carriers due to the avalanche effect. Therefore, MF-ILIT is the method of choice
to distinguish between regions of avalanche breakdown and regions of Zener breakdown in
solar cells. The multiplication factor, see equation (1.9), is the ratio of the photocurrent
density at a given reverse voltage J(U) and the photocurrent density J(Uoy) at a voltage
Ulow, Where evidently no breakdown occurs.

For MF-ILIT the solar cell is biased at a constant reverse voltage and is illuminated
by pulsed light of 850 nm wavelength with an intensity of about 0.1 sun. The light excites
electron-hole pairs in the solar cell, which leads to a photocurrent. This photocurrent is
homogenous for a good solar cell, and at such low illumination intensity the cell heats
up homogenously mainly due to thermalization of the charge carriers. Hence, the S~
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Figure 2.6: -90° DLIT images of an mc-Si solar cell measured at a) U; = —18.5 V and Tj = 25 °C and
b) Uiy = —17.5 V and T} = 25 °C. In ¢) the slope-DLIT image calculated from the images in a) and b)
is shown. All regions appearing bright indicate a steep slope of the current, the regions appearing dark
indicate a flat slope of the current. Since for this example the same solar cell like in Figure 2.5 was used
the symbols mark the same positions in that solar cell. The solid arrow marks a pre-breakdown site of
a high slope, the circle marks a pre-breakdown site of a moderate slope. At the position of the dashed
arrow a spot of very low slope can be seen. The signal in the square is very noisy since it is outside of
pre-breakdown regions, and no specific slope can be determined here.

ILIT image at a low reverse voltage, where no pre-breakdown in the solar cells occurs, is
homogenous. At higher reverse bias, local pre-breakdown may occur. If this pre-breakdown
is not influenced by the photocurrent, it should remain invisible in the lock-in image, since
the reverse bias is constant. However, if the pre-breakdown is due to avalanche, additional
charge carriers are generated and the current density at these positions will be increased
periodically, leading to an increased heating and an inhomogenous S~ ILIT image. For
quantitative analysis, one has to divide the current image, taken at the higher voltage, by
the current image, taken at Uy, which is the definition of the multiplication factor (see
equation (1.9).

Since the current density in an illuminated solar cell is the sum of the generated pho-
tocurrent and the dark current, the images can not be converted into current density
images as described for the DLIT techniques in this section. The S=%° images are pro-
portional to the dissipated power density p. Therefore, the modulated current density can
be described by dividing the S signal image by the overall relaxation voltage Usclax
[47]:

P S—90°

J = . 2.14
Urelax > Urelax ( )

Here S is the local temperature modulation in mK. The overall relaxation voltage is
the sum of the applied reverse voltage U, the diffusion voltage of the p-n junction Up,
which is the barrier hight at zero voltage, and the thermalization voltage Uinermal, which
is schematically shown in Figure 2.7a). Up for p-n junctions of typical mc-Si solar cells
with a base doping of 3 x 10 cm™2 is approximately 0.95 V. Uwpermar depends on the
wavelength of the irridiated light and is in our case, for Si with E,,, = 1.13 eV at room
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temperature, and A = 850 nm:

he

he _E..
Uthermal = AT” =033V (2.15)

with ¢ the light velocity. Then the current density is proportional to

S (U)K
U + UD + Uthermal,

J(U)

(2.16)

this procedure has to be applied to both ILIT images taken at U, and U, which leads,
according to equation (1.9), to the calculation procedure for the MF-ILIT images:

(Ulow + UD + thhermal)S_goO (U>
(U + UD + (]thermal)5790o (UIOW) ‘

MF-ILIT = (2.17)

In Figure 2.7 an example of an MF-ILIT image of the same cell which was already shown
in Figures 2.5 and 2.6 (TC-DLIT and slope-DLIT) is presented. In Figure 2.7a) the
determination of the overall voltage U.eax is schematically shown by means of a band
diagram. In Figure 2.7b) and c) the S~ ILIT images at a low reverse voltage and at
a high reverse voltage are shown, respectively. Figure 2.7d) shows the MF-ILIT image
calculated from b) and c).

ILIT. =10V, 0.1 sun ILIT. -19.5V, 0.1 sun MF-ILIT: (=19.5/-10) V

o
<«— o -
electric field B omc NN )2 mK omKIE  4mK

MF=1 I 2.5

Figure 2.7: a) determination of the relaxation voltage for equation (2.17). b) S0 image at —10 V reverse
voltage, the image is homogenous except for some bright spots, one of them is marked by the arrow. ¢)
S99 image at ~19.5 V reverse voltage, the image is much more inhomogenous then b), the new bright
areas are regions of avalanche pre-breakdown. In d) the MF-ILIT image is shown. The scaling denotes
how much electrons each “original” electron was able to ionize. At the arrow no MF is measurable, maybe
this signal comes from a weak ohmic shunt, so here no avalanche occurs.

General Aspects of the TC-, Slope-DLIT and MF-ILIT Imaging Methods

In Figure 2.8 the TC-DLIT image, the slope-DLIT image and the MF-ILIT image of
the cell which was already shown in Figures 2.5, 2.6, and 2.7 are shown. That com-
parision gives a nice overview of the values of the different physical parameters of the
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Figure 2.8: Comparision of the three new imaging methods for investigating pre-breakdown sites in solar
cells.

pre-breakdowns distributed in the solar cell. To analyze the trends of the physical param-
eters of pre-breakdown sites in a solar cell it is very helpful to create 2-dimensional arrays
of the images, for example by displaying the TC-DLIT images versus the voltage, which
leads to an array of TC-DLITy, 1 —7,;. This holds also for slope-DLIT images, where the
slope—DLITUi_Ui_hTj are displayed, as well as for MF-ILIT images, if the MF-ILIT proce-
dure is done for different temperatures. Examples for such kinds of 2-dimensional arrays
are given in Figures A.1, A.2, A.3, and A .4 in the appendix.

Due to the lateral spreading of the heat in the Si material it is not possible to determine
the exact positions of the pre-breakdown sites with TC-DLIT and slope-DLIT. Here the
values of the pre-breakdown sites appear not as point like sources but as extended areas
of the same signal strength. That is due to the fact that the whole region being thermally
influenced by the shunt displays the correct result, because of the normalization performed
in equation (2.12) and equation (2.13). For strong pre-breakdown sites this region may
extend over many thermal diffusion lengths A.

The extended areas of the same values of TC or slope images are due to the broadening
of the thermal signal of the point-like pre-breakdown sites and the normalization to the
average current density. The shape of the signal of a point-like source measured by LIT
can be mathematically described by a point spread function, whose spatial extension is
determined by the thermal diffusion length A. Since the same point spread function is
contained in all signals in the DLIT images used to calculate the TC- and slope-mappings,
the spatial resolution of the TC- and slope-DLIT images gets lost due to the normaliza-
tion, whereby only the constant ratio of the current strengths is obtained. Therefore, the
TC and slope signals of the point-like pre-breakdown sites appear 2-dimensionally broad-
ened and are bounded by the noisy regions where the normalization does not lead to a
constant value.

For the determination of the exact position of pre-breakdown sites, the original DLIT
images or other methods like electroluminescence and scanning electron microscopy tech-
niques have to be used. These techniques are described briefly in the next sections. For
TC-DLIT as well as for slope-DLIT it is important to know that for both imaging methods
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the signal can get into saturation. Assuming that the smaller of the two current density
values is negligible against the larger one, equations (2.12) and (2.13) reduce to:

2 2

TC-DLIT = (T —T) and slope-DLIT = = Uy);
The TC-DLIT and slope-DLIT values saturate to the these values, because at this specific
point the current density, which is used for normalization, increases proportional to the
absolute slope of the current density. Therefore the relative slope is constant according
to (2.18). However, this is only critical for the measurements of slope-DLIT, because the
current behaves strongly non-linear with the voltages U;. To overcome this drawback, the
difference U; — U;_; should be decreased as soon as the measured value comes close to that
of equation (2.18).

(2.18)

2.2 Luminesence Methods

In the last years electroluminescence (EL) and photoluminescence (PL) imaging methods
became versatile tools for solar cell characterization. The advantages, in particular for EL,
are the comparatively inexpensive and simple measurement setup and the high spatial
resolution, which can be achieved with EL/PL methods. Here only a brief introduction of
the measurement setups and the results, which can be obtained by luminescence methods,
is given.

In 2005 Fuyuki et al. showed the determination of the minority carrier diffusion length
in polycrystalline Si solar cells by EL [48]. Recently a number of different EL methods
were developed. Trupke et al. showed PL imaging of the minority carier lifetimes [49].
Breitenstein et al. [50] and Kasemann et al. [51] discussed the possibilies of shunt detection
by EL imaging. Ramspeck et al. [45], Hinken et al. [52], and Kampwerth et al. [53] showed
EL-based methods for determining the serial resistance in solar cells.

For EL the Si solar cell is simply biased to a forward or a reverse voltage and the
emitted light is detected by a charge coupled device (CCD) camera. Under forward bias,
the emitted light comes from the recombination of electrons, which are injected from
the emitter into the base, where they are minority carriers. This is called band-to-band
electroluminescence. Recombination at defect levels in the bandgap can also take place,
and the emitted light is then called defect band emission [54].

Luminescence light at reverse-biased Si p-n junctions was observed by Hall, Burch,
and Newman [55]. The origin of the luminescence light is still under discussion. Figiel-
ski and Torun claimed luminescence at reverse-biased Si p-n junction is attributed to
bremsstrahlung of hot carriers in a Coulomb field of charged carriers [56]. Yamada and
Kitao published that this luminescence is rather due to recombination radiation [57]. The
discussion about the origin of the luminescence light at reverse-biased Si p-n junction is
out of the scope of this thesis. Here, the light emission at reverse-biased solar cells is used
only to determine the sites of pre-breakdown with a better spatial resolution than it is
possible with LIT methods. While the spectrum of forward-bias EL is centered at about
1100 nm, reverse-bias EL shows a broad spectrum extending into the visible region.
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In PL the excitation of electrons is done by illuminating the Si solar cell with light of
adequate wavelength, e.g. 850 nm. The detection of the emitted light can be done with
the same camera as for EL, because the same radiative recombination mechanisms as
at EL occur. However, special filtering is needed, because the excitation light has to be
suppressed. At forward bias the band-to-band EL/PL signal Sy, depends strongly on the
local voltage Uocar in the base material, which is the difference of the two quasi Fermi

levels there:
EUlocal

Sum = Ce # (2.19)

where C' is a calibration constant describing the optical and material properties [58].
According to Fuyuki C' is proportional to the local diffusion length [48]. Since the band-
to-band luminescence in Si solar cells has a wavelength corresponding to the bandgap of Si
(Egap = 1.13 eV leading to A = 1100 nm), it is sufficient to use a comparatively inexpensive
Si-CCD camera for the detection of the luminescent light. Though the quantum efficiency
of a Si-CCD device at 1100 nm is only some percent, it is sufficient to cool the CCD chip
thermo-electrically to about —20 °C and integrate the EL/PL signal over some seconds to
get resonable results.

In Figure 2.9 a DLIT image taken at 0.6 V and EL images taken at a forward voltage of
0.6 V and at —16 V reverse voltage of an mc-Si solar cell are shown. The signal in the DLIT
image anti-correlates to the signal in the forward bias EL image. The increased signal in
the DLIT image is due heating by a locally increased diffusion current. The dark areas in
the forward bias EL image in Figure 2.9b), which almost matches the bright areas of the
DLIT image in Figure 2.9a), are regions of locally reduced voltage thus leading to a lower
EL signal correspondig to equation (2.19). One reason for the decreased local voltage is
e.g. increased non-radiative recombination at defects in the bulk. Therefore, dark regions
in EL images are regions of lower minority charge carrier lifetime. The bright spots in the
reverse-bias EL image are due to light emission from pre-breakdown sites. It is obvious
that the regions of pre-breakdown in that solar cell also match quite well to the regions
of lower lifetime, a comprehensive analysis about that matter is given later in this work.
Ohmic (linear) shunts are not leading to reverse-bias EL emission. However, it should

DLIT: 25°C, 0.6 V, 4 A EL:25°C,06V,4A

.

EL: 25°C, -16 V, 1.4 A

lifetime
low B Thigh

Figure 2.9: Comparision of a) a high current DLIT image, b) a forward EL image and ¢) a reverse EL
image of one and the same cell.
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be mentioned that at linear shunts the local voltage drops dramatically so that also a
decrease in the EL intensity is the consequence. Therefore, it is not trivial to distinguish
between regions of decreased charge carrier lifetime and particularly weak linear shunts
in a solar cell by EL imaging [50, 51].

2.3 Electron Microscopy Methods

The methods introduced so far are able to image the physical parameters influencing /-
V' characteristics of solar cells on a macroscopic level. However, most of the underlying
mechanisms have microscopic origins. In order to get a deeper insight into these mech-
anisms, the samples (solar cells), pre-characterized by LIT or EL/PL imaging, have to
be analyzed by microscopic methods. The most powerful tools for that purpose are scan-
ning and transmission electron microscopes. In this section no basic informations about
SEM and TEM techniques are given, but some special methods are introduced, which are
important for the analysis of solar cells and which are used in this work.

2.3.1 SEM Techniques

Scanning electron microscopy (SEM) is important to image surfaces of solar cells with a
very high spatial resolution and is very important to clarify the origins of shunts. The
strength of scanning electron microscopes are special techniques, which are able to image
electrically active defects in solar cell material (see below) or to perform element analysis
by energy-dispersive x-ray (EDX) analysis. EDX is used in this work to determine the
element composition of precipitates, which may occur in mec-Si for solar cells.

Electron Beam-Induced Current Technique

Electron beam-induced current (EBIC) is used to image electrically active defects, the
shape of p-n junctions, and also shunts in solar cells. A review about EBIC is given in
[59]. The EBIC method is described briefly here. The electron beam of the SEM scans the
sample, which is electrically connected to a current amplifier. The electron beam hits the
sample and generates electron-hole pairs. Since the sample is connected in a circuit with
the amplifier, a current is induced due to the electron beam, just as for light illumination.
This current is amplified and represents the signal, which is imaged according to common
SEM technique. If electrons recombine at defects, e.g. electrically active grain boundaries
in the Si material, the EBIC current decreases, which is displayed in the EBIC image by a
decreased EBIC signal. If the beam scans over a p-n junction or another kind of electronic
barrier, where charge carriers are collected, an increased EBIC signal occurs.

In this work a special EBIC technique, called lock-in EBIC, described in [60], was used
to image avalanche pre-breakdown sites in mc-Si solar cells. For imaging pre-breakdown
sites it is necessary to apply a high d.c. reverse voltage to the solar cell sample. This d.c.
signal would overload the EBIC amplifier. Therefore an electric circuit, see Figure 2.10
[61], which is similar to that introduced in [62], is used for the measurements to avoid d.c.
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currents at the EBIC amplifier. For lock-in EBIC the electron beam of the SEM is chopped
to get a pulsed signal from the sample, and the EBIC signal is fed to a lock-in amplifier.
Thereby signal distortions due to the R-C coupling are avoided. The advantage of lock-in
EBIC over conventional EBIC is a much better signal-to-noise ratio in the presence of
noisy pre-breakdown currents and the avoidance of a.c.-coupling artefacts.

current

R R C amplifier
% ,ﬁz lock-in
LT | S H
power | amplifier lock-in
supply sample output

a.c.-coupled

Figure 2.10: Electrical circuit to apply a reverse voltage to a solar cell sample for the analysis with lock-in
EBIC.

2.3.2 TEM

Transmission electron microscopy is used to characterize crystal defects and structures of
the size of some nanometer occuring in solar cell material. EDX in transmission electron
microscopes and special element analysis methods like electron energy loss spectroscopy
(EELS) are able to determine the element composition of very small clusters e.g. in grain
boundaries of solar cells, which are decorated with foreign atoms. For TEM elaborate
sample preparations, for instance focused ion beam (FIB) cuts, are necessary. In this
work TEM in combination with FIB preparation of the samples was used to determine
the crystallographic structure of precipitates in me-Si and the microscopic origins of pre-
breakdown sites in mc-Si solar cells. The TEM work was cordially performed by A. Lotnyk
(now with Christian-Albrechts-Universidt zu Kiel, Germany) and N. Zakharov (MPI Halle,
Germany). The FIB preparation was kindly done by H. Blumtritt (MPI Halle, Germany).

2.4 Infrared Microscopy & Electrical Measurements

Transmission Infrared Microscopy

Infrared microscopy (IRM) was used for the first time (to my knowledge) at Technische
Universitat Bergakademie Freiberg [63] to analyze precipitates found in me-Si for solar
cells [64, 65].

Infrared microscopy is an imaging technique exploiting that moderately doped Si be-
comes transparent for wavelengths of 1.1 pm to 10 pm. The Si sample is penetrated by the
microscope light, but if precipitates exist in the Si bulk, local absorption or the change
of the refractive index leads to a contrast change in the image and enables the detection
of the precipitates. The Si samples have to be polished on both sides to reduce the scat-
tering of the light and therewith to enhance the resolution of IRM considerably. Hence,
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any commercial light microscope, which can be driven in transmission mode and which is
equipped with a monochrome CCD-camera, can be used for determining precipitates in
Si material. For taking IR images, the IR filter of the CCD camera has to be removed.
Since the sample itself acts as a long-pass filter cutting all wavelengths below about 1100
nm, and the CCD-camera detects only light up to approximately 1100 nm, only a very
narrow spectral range at about 1100 nm is used here. For our purpose we use a Jenatech
inspection light microscope from Zeiss Jenoptik equipped with an FK 6990-1() camera
from Pieper. Furthermore, our microscope is equipped with a computer to control a step
motor driven x-y table and to acquire and stitch the IRM images, which allows us to
scan areas of sizes of approximately 5 cm x 5 cm in one run. For avoiding overload of
the camera at the edges of the sample, where also unfiltered light reaches the camera, the
whole sample is placed on a larger Si wafer polished on both sides, which acts as a filter
also in these regions.

IRM Extended Focus Imaging

Extended Focus Imaging (EFI) is used to image objects sharply which are larger than the
depth of focus of the microscope. For that purpose transmission IRM images in different
focal planes within the sample are taken. Afterwards this image sequence is used to
calculate an image in which the whole object is sharply pictured.

Electrical Measurements

It has to be distinguished between the measurements of -V characteristics of solar cells
and the electrical measurements of precipitates in mc-Si material for solar cells.

Most of the I -V characteristic measurements on solar cells in this work are performed
with a 6632B power supply from Agilent, which has an accuracy of Al = +0.5 mA
for current measurements and a maximum power output of 100 W, i.e. 5 A at 20 V.
This instrument is able to work as a current sink and in four-probe configuration and is
equipped with a self-made trigger for the voltage [38], because it is also used to apply the
pulsed voltage needed for DLIT and ILIT measurements.

The electrical measurements on precipitates are performed in an SEM JEOL JSM
6400, because the precipitates are of sizes in the range of some pm. Briefly, electrical
two-point probe measurements at precipitates are performed by contacting the specimen
by electrochemically etched platinum-iridium tips [66] by using two nanomanipulators
(Kleindiek [67]) in the SEM. For a detailed description of that method the reader is
referred to [68].



Chapter 3

Factors Influencing I -V
Characteristics of Solar Cells

In this chapter the characteristic features of the shape of real -V curves of Si solar
cells are described. The physical mechanisms behind the individual effects are, if possi-
ble, approached on the basis of LIT, I-V measurements, SEM, TEM, EBIC, and other
experimental techniques.

To give a complete overview of the behavior of -V characteristics, a review of older
and some recent work about effects in forward -V characteristics of mc-Si solar cells and
their origins is given in sections 3.1.1 and 3.1.4. One major problem for the description of
real forward -V characteristics is a strong discrepancy between the theoretical value of
the ideality factor of 1 < n < 2 [13] and its real value coming from the two-diode model
fit procedure. Attempts to describe the physical origins of ideality factors larger than 2
as well as the effect of shunts on real forward I-V curves are shown in section 3.1.4. The
origins of different types of shunts are determined. Especially a detailed description of
material-induced shunts caused by precipitates, their growth, and the shunt mechanism
is given in section 3.1.3.

In section 3.2 new results on reverse [ -V characteristics of mc-Si solar cells are shown
in detail. The term “pre-breakdown” relating to solar cells is concretized. By making
use of the newly developed LIT methods to image the physical parameters of reverse-
biased solar cells, a distinction of different pre-breakdown mechanisms is made in sections
3.2.2 to 3.2.5. The causes of the unexpectedly low (pre-) breakdown voltage in acidically
textured solar cells are determined in detail, and first attemps to describe pre-breakdown
phenomena theoretically are made.

3.1 Results: Forward I -V Characteristics

In this section several physical mechanims which mainly influence the forward charac-
teristic of solar cells and thereby affect the efficiency of solar cells negatively are given.
Most of these effects have a strong influence on the parallel resistance and on the recom-
bination current of solar cells. Leakage currents in forward I-V characteristics of solar
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cells mainly come from edge recombination sites, shunts due to cracks or scratches and
material-induced defects. It is important to note that contrary to previous assumptions
for the two-diode model, LIT measurements show that all R, and Jy, currents, which will
be discussed in this chapter, are local.

3.1.1 Linear Shunts

Linear shunts show a linear I -V curve behavior and affect the I-V curves of solar cells
as shown in Figure 3.1. The curve displayed by the red circles in Figure 3.1 is the forward
I-V curve of the linearly shunted solar cell shown later on in Figure 3.3. Linear shunts
of any kind decrease the R,, of solar cells locally, i.e. at these sites an increased current
in the solar cell flows. Therefore, linear shunts strongly reduce the efficiency of solar
cells and must be avoided. Moreover, linear shunts are also leading to hot spots under
reverse bias. Therefore, it is necessary to know the shunt mechanism in detail, down to
their microscopic origins. In this section different origins of linear shunts in solar cells are
summarized and explained.

forward /-V characteristics

E
(8]
<
1S
3
5’104 i O solar cell with linear shunts
o O solar cell without linear shunts
10°| L . . . . . —
0.0 01 02 03 04 05 06

[ARA

Figure 3.1: Comparision of an -V characteristic measured at the solar cell which is shown in Figure
3.3 (red circles) and a solar cell without linear shunts (black squares).

Edge Shunts, Cracks, Aluminum Particles

Linear edge shunts are mainly caused by wrong laser or etching parameters during the
isolation of the edges of a solar cell (see section 1.1 and Figure 1.1). If the laser cut or the
edge etching is not deep enough, the n* layer has still an ohmic connection to the back
side contact, which leads to a short circuit at the edges of the solar cell and produces
linear shunts. The laser might also cut into the silver grid contact finger at the edge of
the solar cell and burn the silver into the laser groove, which also may lead to a short
circuit between emitter and back contact and therefore to linear shunts. These types of
linear shunts are due to processing failures and can be easily avoided by choosing the
right parameters for the respective process steps.

Cracks in solar cells may also lead to a severe decrease of R, due to linear shunts.
In Figure 3.2a) and b) DLIT images of a solar with linear shunts are shown. This shunt
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Figure 3.2: Linear shunt due to a crack in the Si wafer, which is filled with aluminum paste.

is caused by the crack shown in Figure 3.2¢). The crack was already in the wafer before
processing or it appeared during the processing due to handling. Whenever that crack
happened, it occured before the screen printing step, i.e. step 5 described in section 1.1,
took place. During the screen printing of the back side contact of the solar cell, the
aluminum paste was pressed into the crack up to the front side of the solar cell. Since the
crack crosses some silver grid lines at the front side of the solar cell, a direct short circuit
between front and back metallization of the solar cell occurs. This can be seen in the light
microscopy (LM) image in Figure 3.2c).

Note, that at a crack in an as-sawn wafer the crack edges will be n™ doped by the
POCI; diffusion step (step 2 in section 1.1) and may also make an ohmic contact to the
pt layer. Therefore, also a very narrow crack, which maybe is so narrow that the silver
paste can not pressed through the crack, may cause a linear shunt.

Another process induced-shunt was reported in [41]. There, aluminum particles, which
get on the surface of the solar cell before firing due to contamination from other solar
cells or due to spilled Al, lead to shunts. Al particles on the front side of a solar cell will
locally form a p* layer by overcompensating the doping of the n™ layer on the surface
of the solar cell during firing. This p* layer is in direct contact to the p-doped base and
forms an ohmic tunnel contact to the nt emitter leading to linear shunts in solar cells.

Material-Induced Shunts

In Figure 3.1 an -V characteristic of an acidically texturized mc-Si solar cell with very
low R, (red circles) in comparision with an /-V characteristic of a good solar cell (black
rectangles) of the same type is shown. The current of the shunted solar cell increases
strongly at low voltages up to approximately 0.5 V according to the explanations given
in subsection 1.4.1 (cf. Figure 1.9a). The overall parallel resistance of the shunted cell in
Figure 3.1 is below 1 €2, which is about three orders of magnitude lower than expected
for mc-Si solar cells of this type. The low R, comes from linear shunts, which are shown
in the amplitude DLIT images in Figure 3.3. The comparision of the DLIT amplitude at
the shunt position (see solid arrow in Figures 3.3a) and b) at 0.5 V forward and -0.5 V
reverse bias, respectively, reveals that nearly all shunts are linear.
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Figure 3.3: Solar cell with linear shunts. In a) and b) the amplitude DLIT images at &+ 0.5 V, and in ¢)
the S°° image of DLIT measurement at 0.5 V are shown.

Please note that at the positions of the dashed arrows in Figure 3.3a) weak non-linear
shunts are visible. As mentioned already above, the shunt current, i.e. the R, current, is
local. The specific sites are not clearly visible in the amplitude DLIT images in Figures
3.3a) and b) because of the poor spatial resolution. However, the S°° image in Figure
3.3c) taken at 0.5 V has a much better spatial resolution and shows that the shunts are
point-like heat sources.

To reveal the origins of these linear shunts, the shunted area (marked by the white
square in Figure 3.3c) was cut out of the solar cell with a dicing saw and then polished
on both sides for performing infrared microscopy. In Figure 3.4a) the detailed S°° DLIT
image of the shunted area, and in 3.4b) the corresponding IRM image of the section are
shown. The dark features in the IRM image are Si3Ny inclusions and silicon carbide (SiC)
precipitates in the mc-Si material [65, 68, 69]. In Figure 3.4c¢) an overlay of the S° DLIT
image and the IRM image is shown. The positions of the shunts coincide with positions
of precipitates. At the shunt positions filament-like structures, which are arranged like
a “fence”, can be seen. An example is shown in Figure 3.4d), which displays a highly
magnified IRM image of the area marked by the black solid rectangle in Figure 3.4c).

3.1.2 SiC Filaments

The filament-shaped structures found at linear shunts are identified to be SiC filaments
growing in the mc-Si material during the block-casting process. SiC filaments are fre-
quently found in the upper part of mc-Si ingots. Since such SiC filaments may lead to
severe ohmic shunts, it is necessary to find out more about the electrical and structural
properties of these precipitates. In the last years the efforts on the investigations of precip-
itates in mc-Si of solar cells have increased. In this subsection an overview of former work
and also new data are presentd. Besides the properties of SiC filaments, also their growth
mechanism is of high interest for finding ways to avoid these dangerous precipitates and
increase the yield of feedstock and solar cell production. The results of this work may be
especially interesting for the new UMG material used for solar cells because of its higher
amount of contaminations, which may lead to increased precipitation. Therefore, an idea
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Figure 3.4: a) shows the S°° DLIT image of the area marked by the white quadrat in Figure 3.3¢), b)
is the corresponding IRM image, ¢) shows the overlay of a) and b). In d) the detail marked by the solid
square in ¢) is shown. (The area marked by the dashed rectangle in ¢) will be shown in detail in Figure
3.4).

about the growth of SiC filaments is presented. Furthermore IRM extended focus images
are presented, which will help to reveal the shunt mechanism of SiC filaments in more
detail.

Electrical Properties of SiC Filaments

Already in 2004 Al Rifai et al. [70] reported that the causes of shunts in me-Si solar cells
are SiC filaments. Later on the electrical properties of these precipitates were analyzed
by Bauer et al. [68, 69]. The resistivity of the SiC filaments was found to be p = 2 x 1073
Qcm [68], hence they are highly conductive. Four-point probe measurements revealed that
the SiC filaments are n-doped, and the charge carrier concentration was calculated to be
ne ~ 8x 10 cm ™2 [68]. Since also a high amount of SizNy preciptates and Si3Ny inclusions
is found in the vicinity of SiC precipitates, it was assumed that the doping of the SiC
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Figure 3.5: EDX line scan spectra. The spectra are taken from Si (cross in the inset) to SiC (the “1” in
the inset).

filaments is due to nitrogen, which is the main shallow donor for SiC [68]. In the course
of this work we succeeded to measure the nitrogen contamination of the SiC precipitates
by EDX qualitatively. For that purpose a TEM sample of a SiC particle was prepared
by FIB. On this thin sample a line scan EDX analysis in a high resolution transmission
electron microscope was performed. In Figure 3.5 the EDX line scan spectra along the red
line in the inset of Figure 3.5 is shown. Although the EDX signal of nitrogen is very low,
a significant increase of the nitrogen content from the Si to the SiC measureable. This
is, to my knowledge, the first experimental proof that nitrogen is highly concentrated in
SiC precipitates. From this it follows that the high conductivity of SiC precipitates in
block-cast me-Si materials is due to the high doping by nitrogen.

Structural Properties of SiC filaments

SiC has more than 200 polytypes and is a wide bandgap semiconductor, whose bandgap
depends on the polytype. Former works revealed that the SiC filaments consists of cubic
SiC (3C SiC) [41], with an Eg,, ~ 2.2 eV [71].

There are different types of precipitates in mc-Si material: SisN, rods, SigN, filaments
in grain boundaries (GB) and Si3N, fibres. Furthermore, there are SiC crystallites which
form SiC clusters, SiC filaments, which grow from these SiC crystallites but not in grain
boundaries, and SiC filaments growing in grain boundaries of mec-Si material (which may
also start growing from SiC clusters) [68, 69]. Only the latter two types of SiC precipitates,
i.e. the SiC filaments, may cause linear shunts in solar cells. All SizN, precipitates are
electrically insulating and therefore not responsible for linear shunts [68]. SiC crystallites
are also highly conductive, but their size rarely exceeds the thickness of the solar cell,
hence SiC clusters hardly produce short circuits in solar cells. Since SiC filaments in
grain boundaries are the main cause of linear shunts [68], here only new results on the
crystallographic structure of such SiC filaments are shown.

SiC filaments in grain boundaries have an average diameter of about 1 to 3 pm and
may grow some mm in length. The crystallographic structure of the SiC filaments in
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grain boundaries was investigated in much more detail in the present work than in [41],
and was done by preparing cross- and longitudinal sections of the filaments by FIB. In
this work we have observed that not only SiC filaments but also SigN, filaments may be
present in grain boundaries side by side. In Figure 3.6a) an SEM image of a SizN, filament
and SiC filaments sticking out of a grain boundary of mc-Si is shown. The FIB lamella
(prepared at the marked filaments) of a longitudinal section parallel to the grain boundary
is shown in Figure 3.6b). On the so-prepared samples it was possible to perform detailed
TEM investigations and electron diffraction investigations to reveal the crystallographic
structure of the filaments.

SEM image SEM image TEM image  diffraction pattern

Figure 3.6: In a) filaments consisting of Si3N4 and SiC sticking out of a grain boundary (GB) are shown,
b) shows an SEM image of the FIB lamella of the two left filaments. In ¢) a TEM image of the SiC
filament and the electron diffraction pattern taken at the position marked by the circle is shown. The
electron diffraction pattern reveals that the SiC filaments consist of 3C SiC, with a lattice constant of
0.435 nm (space group F43m). The spots between the main spots originate from twinning.

A TEM image of the SiC filament and the corresponding diffraction pattern taken
at the area marked by the circle in Figure 3.6b) can be seen in Figure 3.6¢). As can be
seen in the TEM image, the SiC filament is polycrystalline. Its structure is disturbed
by crystallographic defects like stacking faults and twin boundaries. Furthermore, the
investigation by electron diffraction (see Figure 3.6¢)) shows that the SiC filaments consist
of 3C SiC. All these results are published in [72], where also more details on SiC crystallites
and SizN, fibres can be found.

Shunt Mechanism or the Origin of Very Low R, of Solar Cells

As mentioned above, SiC filaments grow in the direction of the solidification of the mc-Si
block (cf. Figure 3.8 below). Therefore, they are orientated perpendicular to the solar cell
surface. Since SiC filaments may be some mm long, they exceed the thickness of a solar
cell several times [69], and will stick out on both sides of the Si wafer used for the solar cell
production. Because of their high conductivity, SiC filaments may cause a short circuit
between the emitter (front contact) and the back contact of the solar leading to severe
linear shunts. Note that the filaments are n-conducting and show only a weak band offset
to the conductive band of silicon [68]. Therefore, they are in direct contact to the emitter
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and “extend” the emitter into the depth, which can nicely be observed by back side EBIC
imaging [61]. Only if a filament is in ohmic contact to the metallization, it produces a
shunt.

The length of a SiC filament in a solar cell equals the thickness of the Si wafer and
is approximately 200 pm. Regarding this length, a filament diameter of about 1 pm, a
resistivity of p = 2 x 107 Qcm, and a cylindrical shape of the SiC filaments, one SiC
filament has a resistance of about 710 € [68]. That means if there are only ten SiC filaments
making parallel short circuits in a solar cell, the R,, of this solar cell is well below 100 €2,
which already makes the solar cell degraded.

However, during the investigations the observation was made that some grain bound-
aries, which contain SiC filaments, cause only weak or even no shunts at all. In Figure
3.7a) an example of a very weak shunt and a strong shunt caused by SiC filaments from
the area marked by the dotted rectangle in Figure 3.4c) is shown.

In Figure 3.7d) another overlay image of an S°° DLIT image and an IRM image of a
different solar cell is shown just to demonstrate that this phenomenon appears frequently
and is worth to be investigated more carefully with regard to understanding the shunt
mechanism in detail and maybe find ways to avoid linear shunts due to SiC precipitates.

The dark lines in Figure 3.7a) and d) are large angle grain boundaries, which are partly
contaminated with SiC filaments. The bright spots are DLIT signals of linear shunts, but
not at every contaminated grain boundary a DLIT signal due to a shunt is measureable,
or at least a significantly lower DLIT signal is measured. The SiC filaments at the grain
boundaries in the lower right corner and on the lower left side in Figure 3.7d) do not show
a DLIT signal at all.

The question is, why do some grain boundaries containing SiC filaments cause shunts
and others do not? The mechanism behind that behavior is not fully understood yet.
However, first investigations on shunting filaments and on non-shunting filaments by IRM
extended focus imaging show that there are some geometrical differences, which can cause
different shunt behavior [73]. This is demonstrated exemplarily in Figure 3.7b) and c).
The left and the middle pictures in b) and ¢) show IRM images of the front and the back
surface of the sections marked in a), respectively.

For better orientation scratches were made on each surface of the wafer near the
precipitates by a diamond scriber. These scratches are marked in Figure 3.7. The first
images in b) and c) show single IRM images for two different focus positions (top and
bottom), where only parts of the filaments are sharply imaged due to limited depth of
focus. The right images in b) and c¢) show the extend focus IRM images, which reveal the
complete shape of each single SiC filament through the Si wafer.

The SiC filaments in Figure 3.7b) show only a very weak shunt signal. As can be seen
in the IRM images in b) not all SiC filaments which start at the surface in the left image
can be found in the middle IRM image, i.e. on the opposite wafer surface. From this it
follows that some of the filaments are interrupted within the wafer, which exemplarily
can be seen at the ellipse in the EFI image of Figure 3.7b), or branches out. Hence, some
of the SiC filaments do not reach the other surface. Therefore, they can not lead to a
short circuit between front and back contact. Obviously this effect leads to an increased
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Figure 3.7: In a) the section marked in Figure 3.4 is shown, the dark lines are SiC filaments in grain
boundaries, b) and ¢) show IRM and IRM extended focus images of SiC filaments. A detailed explanation
can be found in the text.

resistance of the whole contaminated grain boundary compared to other contaminated
grain boundaries. Therefore, the shunt current at this specific site in the solar cell is lower
in comparision to other shunt sites and the DLIT signal here is smaller.

In Figure 3.7¢) nearly all filaments penetrate the Si wafer. This is proven by the left
and middle image, where nearly all SiC filaments, which enter the surface on the one
surface, can be found also in the other surface. The EFI image shows that the filaments
go straight through the wafer and only a few are interrupted.

It has to be mentioned here that the density of SiC filaments in the grain boundaries,
i.e. the amount of SiC filaments per unit length, in the left images of Figure 3.7b) and c)
is nearly the same (please note the different scales). But, at least in this example, there
is a significant difference in the amount of filaments which reach the other surface of the
wafer (see middle image of b) and ¢). Especially in the left part of the middle image of
b) the density of SiC filaments decreased strongly compared to the same region in the
left image of b). However, it has been found that there are also examples where nearly all
filaments are grown through and nevertheless do not produce a shunt.

At the moment there is no explanation why the SiC filaments grow differently or what
causes an interruption of their growth. It is also not known yet under which conditions
the filaments have ohmic contact to the back side metallization. Some hypotheses about
the growth of SiC filaments in mc-Si have been made by S. Moller et al. [74], and H.J.
Méller [75] but there has been no complete model yet. Though, such a model is required
to explain the differences of the growth of SiC filaments in mc-Si material. In the next
subsection a deeper insight into the growth of SiC filaments in grain boundaries of mc-Si
is given.
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3.1.3 Growth of SiC Filaments in Block-Cast mc-Si

Regarding the structural properties of the SiC filaments and the results of IRM, SEM
and TEM investigations given in the previous subsections and in the publications cited
there, assumptions of the growth of SiC filaments will be made in the following section.
For explaning the growth of the SiC filaments it is important to consider the block-casting
process of the me-Si ingots (which was already mentioned in section 1.1), the properties
of carbon (C) in liquid and solid silicon, as well as the appearance and properties of the
SiC filaments.

Properties of the Block-Casting Process

In Figure 3.8a) a typical solidification or temperature—time (7t) diagram of the solidifica-
tion of an mc-Si block is shown schematically. After the Si feedstock is melted completely
in the crucible (Ther si = 1683 K) the temperature at the bottom of the crucible is de-
creased and the Si starts to crystallize from the bottom to the top of the crucible. After
the whole ingot is crystallized, the temperature is decreased faster, resulting in a steeper
temperature ramp as shown in Figure 3.8a). In Figure 3.8b) a vertical cut of the upper-

T—t diagram IRM image
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Figure 3.8: In a) a typical solidification diagram (7-t) of a point at the bottom of an mc-Si ingot is shown
schematically. The vertical cut of the top part of an mc-Si ingot in b) shows that at the top of mc-Si
ingots often SiC filaments can be found. They grow several mm in length in direction of the growth of
the ingot (see arrow). In c¢) the etched surface of an mc-Si wafer containing grain boundaries is shown,
d) displays a magnified image of a GB of ¢) and reveals SiC filaments in the GB.

most part of an mc-Si ingot containing SiC filaments is shown. The SiC filaments grow
towards the solidification direction of the ingot and bunches of SiC filaments start at dif-
ferent heights, which is illustrated and marked by the dotted lines in Figure 3.8b). That
cascade-like behavior of the precipitation of SiC filaments leads to the conclusion that
the carbon concentration in the Si starts to drop during the growth of the filaments until
the carbon concentration falls below the limit where no further growth of SiC is possible.
After the formation of SiC filaments has stopped, the carbon concentration rises again to
the concentration level needed for further SiC precipitation.

The carbon contamination of the mc-Si comes mainly from the crucible mountings
which are made from graphite. Carbon sources are carbon monoxide (CO) and carbon
dioxide (CO,). CO and CO, are formed at the hot graphite parts in the block-casting
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machine if there is residual water in the system. The water vapourizes during the heating
of the crucible and reacts with the hot graphite to CO and CO,. If CO and CO, reach
the liquid Si they will be cracked and carbon is dissolved in the liquid Si. Moreover, it
is known that CO is formed at the contact of the quartz crucible with the hot graphite
[76]. Other possible carbon sources are carbon contamination of the feedstock and of the
SizNy covering of the crucible, which slowly dissolves during crystallization.

Properties of Carbon and SiC Filaments in Silicon

During solidification the amount of liquid Si in the crucible decreases as the solid fraction
increases. Depending on their segregation coefficient, foreign atoms are concentrated in
the liquid Si or preferentially build into the solid fraction. Carbon (C) has a segregation
coefficient of 6 x 1072 in silicon [77] and will be concentrated in the liquid phase. The
concentration of carbon in solid silicon is the concentration of carbon at the solidification
temperature. The values found in literature are very different. The concentration of C in
solid silicon at its melting point was measured by Nozaki et al. to be 3.5 x 10! atoms/cm?®
[78]. In [80] the concentration of carbon in solid Si at temperatures from 1400 °C to 1200
°C was given to be approximately 1073 at.%, i.e. 5 x 10! cm™3. Sgiland et al. measured
a carbon concentration in the solid Si of an mc-Si block for solar cells of 14 ppma, i.e.
7x 10'" em™3. Furthermore, Kalejs et al. [81] reported a carbon concentration of 8.5 x 1017
cm ™ in solid silicon. Therefore, the value in [80] was considered to be wrong and a value
in the order of 10'” cm™2 should be used. By measuring the carbon content in the liquid
and solid phase of industrial mc-Si ingots, Sgiland et al. found that the carbon content
in the liquid fraction of the ingot is well below its solubility limit at the beginning of the
solidification. The liquid fraction becomes smaller during solidification and therefore the
carbon concentration increases, reaches a maximum and then drops, since SiC is forming
in the melt [79].

At the beginning of the casting process the carbon content in the solid fraction is also
below the solubility limit. During the block-casting process the carbon concentration in
the solid Si increases together with the carbon in the liquid fraction. After a certain time
the carbon concentration reaches a maximum, i.e. the carbon is supersaturated in the
liquid fraction and saturated in the solid fraction. If the supersaturation is reached, SiC
precipitates, which leads to the drop in the carbon concentration in the liquid as well as
in the solid phase [79]. From these circumstances one can conclude that SiC is formed at
least in the liquid but maybe also in the solid phase of silicon. Indeed SiC clusters can
be found frequently in mc-Si ingots, whose perfect crystallographic structure leads to the
assumption that they grow in the liquid Si [69, 72].

In Figure 3.8¢c) and d) the surface of an mc-Si wafer containing SiC filaments is shown.
The wafer was polished, and afterwards about 5 pm of the surface was etched away by a
mixture of hydrofluoric acid (HF) and nitric acid (HNOj). Since SiC is inert against this
etching solution, the SiC filaments remain and stick out of the grain boundary. The grain
boundaries can be nicely seen in Figure 3.8c), because they are preferentially etched by
the HF+HNO3; mixture. In Figure 3.8d) a magnified SEM image of a GB in ¢) is shown.
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Figure 3.9: In a) the model of the growth of the SiC at the phase interface and in b) the solid diffusion
model are shown.

All SiC filaments are arranged in the grain boundary.

Most of the SiC filaments are found in grain boundaries of the mc-Si material, but
often not the whole grain boundary is contaminated with SiC filaments. Hence, one can
conclude that the grain boundaries are not caused by the SiC filaments, they must have
been formed already before the SiC filaments have started to grow. Due to energetic
reasons grain boundaries are favored sites for the precipitation of SiC in a Si matrix. As
demonstrated in Figure 3.6 the filaments are polycrystalline and their crystallographic
structure is heavily disturbed. The reason for the imperfect crystallographic structure of
the filaments is assumed to be the growth of the filaments inside the already formed grain
boundary. This assumption is supported by the fact that the filaments do not show a
defined growth direction along a crystallographic direction, but follow the direction of the
grain boundary. Furthermore, the interface between the SiC filaments and the surrounding
Si matrix is wavy and rough [72].

Growth Models

In principle there are two possible modes of growth for SiC filaments in grain boundaries
of mc-Si material. The first approach by H.J. Moller et al. is to assume that the SiC
filaments are formed in the liquid phase, i.e. above the liquid—solid interface, during the
block-casting process [82]. The model by H.J. Moller et al. is shown schematically in
Figure 3.9a). Briefly, the carbon concentration c¢ in front of the liquid-solid interface has
a certain profile because carbon atoms are incorporated in the solid Si. If SiC precipitates
e.g. in a grain boundary the carbon concentration is reduced there. Assuming that there
is enough carbon in the liquid Si the growth of the SiC crystallites will continue and a SiC
filament will be formed as it is illustrated in Figure 3.9a). Note that the model of Méller
et al. [82] is based on experimental data of SiC filaments which do not grow in GB but
within a grain of mc-Si.

The second approach to explain the formation of SiC filaments is the diffusion of
carbon atoms in solid silicon. A detailed description of that model is given in the next
section.
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Solid State Diffusion Growth

In Figure 3.9b) the solid state diffusion model is shown schematically. Regarding the facts
that SiC filaments are frequently found in grain boundaries and that their crystallographic
structure is imperfect, it is assumed in this work that the growth of the SiC filaments
takes place in the solid silicon. Therefore, solid state diffusion of carbon towards grain
boundaries of mc-Si has to be assumed for the formation of the filaments. In Figure 3.10
an IRM image of a bunch of SiC filaments is shown. A SiC filament starts to grow at
a nucleation point, which here is a small SiC cluster. The filament branches out and
a “curtain” of SiC filaments emerges from that first SiC filament. The filaments in the
“curtain” grow in grain boundaries and their growth starts closely beneath the solid-liquid
interface until the filament reaches its typical diameter, as it is shown in Figure 3.9b).
The question is whether solid state diffusion of carbon atoms in silicon is fast enough to

SiC filamen
400um  siC cluster————

growth direction

Figure 3.10: IRM image of SiC filaments growing from different nucleation sites. The filaments on the
right start to grow from a single SiC cluster which can be seen in the bottom right corner. At the top
left a SiC cluster which itself is grown on a SigN, rod acts as nucleation site for a SiC filament.

transport the required amount of C atoms to the nucleation site (e.g. a grain boundary
containing SiC) to form SiC filaments by regarding the parameters of the block-casting
process?

To answer that question firstly the amount of carbon atoms which is necessary to
form SiC filaments as they typically appear in grain boundaries of mc-Si is estimated.
Secondly a detailed description of the block-casting process and the determination of the
parameters which are important for estimating the diffusion of carbon in the solid fraction
of the Si ingot are given. Then an estimation of the change of the carbon concentration
cc in the vicinity of grain boundaries during the block-casting process is made by solving
the diffusion equation to check whether solid state diffusion is a probable mechanism to
explain the growth of SiC filaments.

Estimation of the Amount of Needed Carbon Atoms

For the estimation of the amount of carbon atoms needed for SiC filaments experimental
data are used. In Figure 3.11 a model grain boundary occupied with SiC filaments is
shown schematically. It is assumed that SiC filaments in grain boundaries have an av-
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Figure 3.11: Schematical view of a grain boundary with SiC filaments. Please note that the sketch is not
to scale.

erage diameter of 1 pm, and that their typical average density in a grain boundary is
approximately 900 filaments per cm (average distance of about 11 pm). Assuming further
a cylindrical shape of the filaments with a volume of Vijamens = 7(d/2)%l, where [ is the
length of the filaments (here 1 cm), the volume of all SiC filaments in the unit area of 1
cm? is V =~ 7 x 10'® nm?. The lattice constant of the unit cell of 3C SiC is a = 0.43596
nm. By dividing V' by the volume of the SiC unit cell it follows that about 8.5 x 10¢ SiC
unit cells are needed for the volume of SiC filaments typically found in grain boundaries
in 1 em?. Four atoms per SiC unit cell are carbon atoms, which means that

Nearbon = 3.4 x 10"7cm ™2 (3.1)

carbon atoms are needed to form SiC filaments typically found in grain boundaries of
mc-Si.

Parameters of the Block-Casting Process

The solidifcation front of the block is assumed to be horizontal and a cooling rate s of
the ingot is defined as "
dT'(t
Rt) = = (3.2)
which gives the change in temperature T" at a certain position in the ingot with time .
Note that x is negative. For simplification the cooling rate of the block-casting process
for mc-Si is assumed to be constant in certain time intervals, i.e. the temperature—time
profile of a certain position in the ingot is linear. Then equation (3.2) simplifies to

AT

e (3.3)

K =

with AT the change in temperature during a certain time intervall At¢. This simplification
is in fact not a too rough estimation as can be seen in Figure 3.8a). However, it is
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appropriate to split the temperature time profile into several linear regions with different
cooling rates k; as it is shown below (cf. Figure 3.12).

In Figure 3.12 a typical solidification diagram is shown. Two ranges of cooling with
constant cooling rates x; and ks, respectively, are assumed. That is a slow range, which
holds until all Si is solidified, and a fast range, which holds when all Si is solidified, as
can be seen in Figure 3.12. Typically SiC filaments are found at about 85 % of the overall

heating until all  solidification and

¥ Si is liquid cooling (1. range)
= liquid Si
T,=1677 I
5=1626 o .
cooling of the
solid block
&~ (2. range)
1=300
0 255 30 36 t[h]

Figure 3.12: Schematical solidification profile of an mc-Si ingot at the “85 % position”.

height of the ingot up to the top of the ingot. Therefore, their growth starts not till then
if 85 % of the ingot is already solidified. That means the time when the SiC growth starts
is 85 % of the overall cooling time. In the example given here the time until all Si is solid
is 30 h which is a realistic assumption for small mc-Si blocks. The time for cooling down
the block after full solidification is approximately 6 h as can be seen in Figure 3.12.
For a typical solidification process of an mc-Si block an average solidification velocity
of v = 1.5 cm/h as well as a typical temperature gradient in the solid Si of VI' = —7.5
K/cm can be assumed. From this it follows that the cooling rate 1 of the solid fraction
of the ingot is
k1 =uVT = —11.25 K/h = —0.0031 K/s (3.4)

until all Si is solidified. Since 85 % of 30 h are 25.5 h, i.e. 4.5 h are left for cooling the “85
% f))osition” at k1, then the cooling rate changes to ky. The solid state diffusion starts at
Tél = 1677 K, because then the Si is solid [80]. At the “85 % position” the Si is liquid
until the solidification front reaches that position after 25.5 h as can be seen in Figure
3.12. For the typical cooling rate of k; = —0.0031 K/s the “85 % position” cools down to
TO(Q) = 1626 K in 4,5 h. Therefore ¢; = 16200 s. Afterwards the solid ingot is cooled down
to T3 = 300 K in 6 h, from this it follows that

AT (300 — 1626) K
-0 — —0.0614 K /s. .
N = 0.0614 K /s (3.5)

To prove whether enough carbon atoms are able to diffuse by solid state diffusion to
the grain boundary to form SiC filaments, the change of the carbon concentration in the
vicinity of the grain boundary is calculated. For that purpose it is assumed that the carbon
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Figure 3.13: Schematical distribution of C concentration in the vicinity of a grain boundary containing
a 2-dimensional SiC “wall”.

concentration cc towards the grain boundary decreases, as it is shown in Figure 3.13,
because carbon atoms reaching the grain boundary are used for SiC formation. Hence, it
is assumed that at the solid-liquid interface carbon is incorporated at the solubility limit.
As soon as the temperature decreases, the solubility of carbon in the solid Si decreases,
which leads to an increasing supersaturation of carbon in the solid silicon. The amount of
carbon is then above the solubility limit in solid Si, which is the thermodynamic driving
force for precipitation. At an adequate horizontal distance from the grain boundary the
carbon concentration has the constant value c¢,, which equals the solubility concentration
of C in solid Si at the melting point. As indicated in Figures 3.11 and 3.13 GBs are favored
sites for the nucleation of SiC precipitates. If SiC nuclei exist they will start to grow and
consume C atoms out of their vicinity (this is indicated by the decreasing concentration
towards the GB in Figure 3.13) if the carbon is supersaturated there.

Values of the diffusivity D(T') for carbon in solid silicon can be found for instance in
[81, 83, 84, 85]. All these publications cover more or less the same temperature range of
about 1300 K to 1673 K. Here, the diffusivity found by Newman et al. is taken [83]:

—2.92eV 2

D(T) ~0.33-¢ it o2 (3.6)

For the estimation of the change of the carbon concentration c¢¢ in the vicinity of a GB
in mc-Si the block-casting process has to be considered. The change in temperature of a
certain ingot position during the block-cast process with time ¢ is described by x and the
temperature Ty at which the cooling at that position starts:

T(t) = Ty + st (3.7)

By substituting 7" in equation (3.6) by equation (3.7) the diffusivity becomes a function
of t:

on? (3.8)

S

—2.92eV
D(t) ~ 0.33 - exp ( © )

k?(To + f{t)
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Since two stages of cooling with different cooling rates and durations are assumed, the
parameters for each cooling range have to be considered. For the first range x; = —0.0031
K/s, To(l) = 1677 K, and t; = 16200 s and for the second range ko = —0.061 K/s, and

TO(Q) = 1626 K holds. Since for D(T') there are only valid values down to 1300 K, t,

calculates to ty = % = % ~ 5300 s.

the “85 % position” is 21500 s.

! Hence, the overall cooling time teooling Of

Estimation of the Change of cc

To estimate how many carbon atoms are diffused towards the grain boundary to form
SiC filaments one has to calculate the change of the concentration of carbon atoms in the
vicinity of a grain boundary by solving the diffusion equation for that special problem.
For that purpose the model grain boundary as shown above in Figure 3.13 was used. Since
it was assumed that the carbon atoms diffuse only from the left and the right to the grain
boundary the diffusion problem simplifies to a one-dimensional one. The one-dimensional
diffusion equation is

dca(x,t) D?ca(x,t)

ot or?

In the model it is assumed that at the beginning there is a homogenous carbon concentra-
tion of the solubility limit in the solid silicon. Futher it is assumed that after solidification
the solubility of the carbon in the cooling solid silicon reduced very fast due to its temper-
ature dependence. To simplify the calculation it is assumed that c¢ at the grain boundary
approaches zero and c¢ far away from the grain boundary is cc, = constant. Then the
boundary conditions for solving the diffusion equation (3.9) read as follows:
Vt ¢(0,t) = 0 and ¢(xw,t) = cc,, and the starting condition is: ¢(x,0) = c¢,.
Equation (3.9) was solved numerically with cc, = 7 x 10*” cm™3, which was measured in
me-Si for solar cells by Sgiland et al. [79], and D(t) from equation (3.8) under considera-
tion of both cooling ranges and the cooling time #cooling. Note that this assumption only
gives an upper limit of the change of the carbon concentration in the vicinity of the grain
boundary. Figure 3.14a) shows the T'(¢) curve and the D(t) curve of the block-casting
process at the “85 % position”. In the first cooling range (k; = —0.0031 K/s) the diffu-
sivity decreases only moderately whereas in the second cooling range (ks = —0.061 K/s)
the diffusivity decreases very fast, which means that the carbon atoms are “freezed” in
the solid Si. In Figure 3.14b) the carbon concentration profile is shown. To estimate the
amount of carbon atoms which are incorporated in the grain boundary, the integral over
the hatched area in Figure 3.14 is calculated. The result is an areal density of carbon
atoms of 1.2 x 10'® carbon atoms per cm?. Since the carbon diffuses from both sides of
the grain boundary the overall area density of carbon atoms is about 2.4 x 106 cm=2.
From this it follows that 2.4 x 10! carbon atoms diffuse in the unit volume of 1 cm? to
the grain boundary during the block-casting process at the “85 % position” which is more
than a factor of 10 less than the required number of Neapon = 3.4 x 1017 cm™2.

= D(t) (3.9)

1Since the cooling rate in the 2nd region is quite high, the diffusion of C atoms is very slow and the
mistake made by skipping the diffusion at temperatures lower than 1300 K is negligible.
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Figure 3.14: In a) the temperature and diffusivity curves of the block-casting process at the “85 %
position” are shown. In b) the calculated carbon concentration profile is shown. The hatched area marks
the amount of carbon atoms which are incorporated in the grain boundary.

Discussion

A strong argument for growth of SiC filaments in grain boundaries by solid state diffusion
is the observed poor crystallographic quality [72] of such SiC filaments. The calculation
above revealed that indeed not enough carbon atoms can be transported to the grain
boundary to form the observed SiC filaments by classical solid-state diffusion. However,
in spite of this result solid-state diffusion might be a feasible process, if one considers
mechanisms which lead to enhanced carbon diffusion. In [81] it was reported that carbon
diffusion in solid Si is enhanced due to silicon interstitials. The diffusivity was assumed
to be a factor 10 higher than in Si samples without interstitials. If during the SiC pre-
cipitation silicon interstitials should be emitted or are existent in the silicon for other
reasons in the vicinity of the SiC precipitiates they may enhance the carbon diffusivity.
Another mechanism which may be feasible for the growth of SiC filaments in GB is the
diffusion of carbon atoms in the GB. The diffusion in GB is much faster than diffusion in
the bulk and may be a promising candidate to explain the growth in GB of mc-Si, if the
carbon atoms diffuses from the melt in the GB to the SiC filaments. In order to explain
the observed poor crystallographic quality of the SiC filaments in GB also a combination
of the model of Mdller et al. [75, 82] and the solid-state diffusion model is possible. Then
most of the SiC grows at the liquid-solid interface and further carbon may diffuse towards
the grain boundary in the solid silicon due to solid-state diffusion, leading to the bad
crystallographic quality of the filaments.

The estimations made above are only the starting point to understand the growth of
SiC filaments in mc-Si completely. However, a detailed description of the growth mecha-
nism of SiC is needed to think about measures to avoid such precipitations, in particular
if possibly UMG silicon is used for solar cell production in the future.
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3.1.4 Non-Linear Shunts

In Figure 3.15 an example of non-linear shunts in a solar cell is shown. As can be seen
in Figure 3.15a) and b) the non-linear shunts are only visible if the solar cell is forward
biased. In this section a brief review on the origins of non-linear shunts and their role for
n-factors of silicon solar cells larger than 2 is given. Figure 3.15 is the same Figure as
Figure 2.4 in chapter 2, but here the scaling is different to highlight the non-linear shunts.
The non-linear shunts obviously show frequently n-factors larger than 2 as can be seen
in the n-factor map in Figure 3.15c). Note that the weak extended signal in the area of
Figure 3.15a) is due maxima of the diffusion current at low lifetime regions of the solar
cells. According to theory the n-factor in these regions is close to 1.

n-factor map
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Figure 3.15: In a) and b) DLIT images at different voltages are shown. The non-linear shunts are marked
by arrows. In ¢) the n-factor map of the cell is shown.

Recombination-Induced Shunts at Edges and Scratches

Non-linear shunts show increased recombination currents. It should be mentioned explic-
itly that these increased currents are local currents. In particular the edges of solar cells
show increased recombination currents in forward bias direction as can be seen in Figure
3.15 a) (marked by the dashed arrow). In [26] it was shown that the recombination fraction
of the forward current density increases the smaller the solar cell is. It was concluded that
the recombination currents mainly flow at the edges of a solar cell. This is demonstrated
in Figure 3.15a): at the edges of the solar cell high DLIT signals appear and at these sites
an ideality factor of about 2 was measured. The non-linear shunt at the bottom left in
Figure 3.15 is a scratch. This scratch shows an ideality factor larger than 2. In [86] it was
shown that such scratches show highly increased recombination currents. Furthermore,
it was shown in [86] that the n-factor of such scratch-induced non-linear shunts is larger
than 2 and that n is increasing with the depth of the scratch.

The origin of the enhanced recombination current are extended defects. At scratches
the defects are introduced due to plastic deformation of the silicon material, whereas at
the edges of solar cells the defects are introduced due to the opening of the p-n junction by
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the laser cut or by chemical plasma etching. A short review of previous models explaining
the recombination current was already given in section 1.4.2. Here, an overview of a new
explanation for the enhanced recombination current, called coupled defect level (CDL)
recombination [87], will be given. This model is partly based on the model of Schenk and
Krumbein who considered recombination via two coupled defects [25]. However, Schenk
and Krumbein had to assume an unrealistically high coupling of the defect levels.

If it is assumed that the recombination current flows locally at the extended defects, a
high local density of defects is realistic. Laser cuts, scratches, or interfaces of precipitates
may easily have defect densities up to 10'® cm~2 leading to interaction of the defects,
because the distance between the defects is then well below 1 nm. The n-factor was simu-
lated for a 10 pm wide highly defective region in a perfect p-n junction. The simulation?
was performed with different coupling rates r12 between the two defects, for different de-
fect energy levels Fy and FEs, and taking into account the lifetime of a charge carrier at
the defects 71 = = 7.

In Figure 3.16a) the measurements of n-factors of nearly perfect passivated emitter,
rear locally diffused (PERL) solar cells which were treated with scratches of different
strength or which were laser cut or indented are shown. In Figure 3.16b) and c¢) simulated
n-factor curves are shown. In b) the coupling rates were kept constant, whereas in c)
the n-factor was simulated for different coupling rates for two given constant lifetimes.
The energy levels Fy and FE5 are referred to midgap. For the simulation of the case that
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Figure 3.16: In a) measured n-factors of PERL solar cells are shown. In b) and c¢) simulated n-factors
assuming a scratch in a PERL solar cell are presented. The Figure is taken from [87].

E, > E, and constant coupling rate of r5 = 10?* cm™3s7!, it turned out that the ideality
factor has a peak at voltages between 0.3 V and 0.5 V, as can be seen in Figure 3.16b).
For small lifetimes of 7 = 1073 s the ideality factor reaches values of 4 at 0.45 V, whereas
the ideality factor for a lifetime of 7 = 107! s in the voltage range between 0.3 V and
0.5 V is about 1.5. If F; < FE5 and the lifetime is kept constant (as shown in Figure
3.16¢) the ideality factor depends strongly on the coupling rate. For small coupling rates
of ri5 = 10%° cm3s7! the ideality factor peaks at low voltages of about 0.15 V, whereas
n has a peak at 0.3 V for higher coupling rates of 115 = 10?2 cm3s!, and so on.

2The simulation was done by P.P. Altermatt with the device simulator Sentaurus [88].
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The correlation between the parameters rys, 7, and E /3 is complex, but the important
result of the simulation is that only some parameters have a strong influence on the ideality
factor. If the second defect level is at a higher energy than the first defect level (E; < Es)
the peak of n depends strongly on the coupling rate ri5. Furthermore, n increases with
smaller 7, but the position where n has a peak are insensitive to 7 and £ /. Experimental
n-curves depend on a large variation of defect pairs and may be reconstructed by adding
the simulated curves over a spatial and energetic range of defect pairs [87].

Due to the variation of the distribution of defect pairs the variation of the ideality
factor varies for every experiment. Nevertheless, some conclusions can be drawn from the
simulation. For example, the measured n-factors show a peak at about 0.4 V to 0.5 V, by
comparing this with the simulation (cf. Figure 3.16b) this leads to the assumption that
the energy level of the second defect is lower than that of the first defect. In conclusion
the recombination current must be simulated beyond SRH theory and the CDL model
seems to be able to describe enhanced recombination in solar cells sufficiently.

Schottky-Type Shunts

Schottky-types shunts have been described for instance in [41]. Schottky-type shunts occur
if the front contact comes in direct contact to the p-doped base of the solar cell. This may
happen if there are holes in the n™ emitter and a silver grid line is printed over this area
and fired through the ARC layer. Furthermore, Schottky-type shunts may happen if the
front contact is fired through the emitter, which is probable if the firing conditions (see
step 6 in Figure 1.1) are wrong. At alkaline texturized solar cells the tips of the random
pyramids may be truncated. If this happens before the front contact is printed on the
solar cell the silver contact has a direct contact to the p-doped base and therefore causes
a Schottky contact.

In general Schottky-type shunts do not show a clear Schottky-type rectifying I-V
characteristic like a Schottky diode. For a good rectifying Schottky contact clean met-
allization conditions are necessary. However, such conditions are not given in solar cell
production processes. Hence, only weak rectifying behavior of Schottky-type shunts is
expected. Mostly such shunts show also weak signal if the solar cell is reverse biased.
The -V characteristic of Schottky-type shunts is somewhat rectifying, but shows also a
certain pre-breakdown behavior. The ideality factor of contaminated Schottky contacts is
expected to be also not 1, as for ideal Schottky contact, but considerably larger.
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3.2 Results: Reverse I -V Characteristics

As shown in chapter 1, section 1.4.3, reverse-biased solar cells show higher current densities
than expected from theory. In this section the physical origins of increased reverse current
densities in reverse-biased solar cells are described. Furthermore, two possible defect-
induced pre-breakdown meachnisms are compared and the physical cause of unexpectedly
low breakdown voltages in acidic texturized solar cells will be shown.

However, beforehand a brief motivation is given why detailed knowledge of the phys-
ical origins of high reverse currents in solar cells is of high interest for solar cell research
and development as well as for solar cell industry.

In solar cell modules often more than 30 cells are connected in one string to sum up
the voltages of the solar cells. If one solar cells is shaded by a leaf, a bird, or everything
else you may think of, this solar cell will be reverse-biased by the non-shaded cells of the
module. Since solar cells show much lower breakdown voltages than expected by theory,
the shaded solar cell may break down electrically and very high reverse currents may flow
in this solar cell. The high current may lead to so-called hot spots [36, 37|, which may
damage the cell and therefore the whole module.

In the last years the efforts of investigations concerning the behavior of partially shaded
modules, their electrical and thermal properties, and hot spots in modules have increased.
However, older publications for example by Hermann [89] and recent publications by
Garcia et al. [90, 91], and Mundz et al. [92] focus mainly only on modules and cells but
do not have a look at the microscopic origins of the high reverse current. As already
mentioned at the end of chapter 1, Bishop et al. [36] and Simo et al. [37] tried to find out
more about the origins of the hot spot formation, but they ended up with speculations
about the mechanism leading to hot spots due to avalanche breakdown.

Solar cells with high reverse currents are off-specification cells, so they can not be used
in modules. Therefore, a deeper insight into the physical origins of pre-breakdown in solar
cell may help to identify the responsible mechanism and may help to avoid off-specification
cells by improvement of the material quality or the solar cell process. Generally, the de-
tailed physical behavior of large area p-n junctions like solar cells under reverse bias was
unknown so far. Therefore, there is a need for fundamental research on reverse-biased
solar cells.

The fundamental question is: why do solar cells show a much lower breakdown voltage
than expected from theory?

Please note that all pre-breakdown sites shown in this section imaged by LIT tech-
niques are only visible if the solar cells are reverse biased. None of them have a linear
(ohmic) fraction. If there are strong ohmic shunts in a solar cell, they usually also dominate
under reverse bias.
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3.2.1 The Term “Pre-Breakdown”

The breakdown voltage Uy, of a Si p-n junction depends on its net charge carrier density.
Regarding solar cells as flat large area p-n junctions with a base doping of about 10
cm 3, they should break down at about 60 V. This is illustrated in Figure 3.17, which is
obtained from [16], and shows the breakdown voltage of Si for different doping densities.
Real multicrystalline-Si solar cells break down at reverse biases significantly lower than
—60 V. This is schematically shown in Figure 3.18. The blue dashed curve displays the
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Figure 3.17: Plot of the breakdown voltage Uy Figure 3.18: Breakdown of an ideal flat p-n junc-
(here Uy, is called V;,) versus the base doping con- tion (blue dashed line) in comparision with pre-
centration of Si p-n junctions taken from [16]. breakdown of solar cells (red solid line).

reverse I -V characteristic corresponding to the calculated breakdown voltage of —60 V,
the red solid curve is a typical real reverse I -V characteristic of a real solar cell. As can
be clearly seen in Figure 3.18, real solar cells break down before the theoretically expected
breakdown voltage is reached. This is the reason why such breakdown behavior is called
“pre-breakdown”. In mc-Si solar cells all breakdowns are pre-breakdowns and according
to the description in chapter 1 they are devided in three classes: linear, defect-induced
pre-breakdown (as will be shown later), and hard pre-breakdown, which is shown in Figure
3.18.

Real reverse -V characteristics may differ significantly. Nevertheless, some charac-
teristic features of reverse I -V characteristics can be defined. In Figure 3.19 the reverse
I-V characteristics of an acidically texturized and an alkaline texturized standard in-
dustrial solar cell are displayed linearly in a) and semi-logarithmically in b). The -V
characteristics are taken in the dark and at 7' = 25 °C and both solar cells used are free of
ohmic shunts. Both solar cells show a linear behavior at low voltages up to approximately
-2 V (acidic) and — 3 V (alkaline). The I-V curve of the alkaline texturized solar cell
(solid curve) shows a higher slope than the acidic one (red dashed line). This behavior is
much more clearly pronounced in the semi-logarithmic plot in Figure 3.19b). At moderate
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Figure 3.19: -V characteristics of an acidic texturized solar cell (red dashed curve) and an alkaline
texturized solar cell (black solid curve. In a) the I-V characteristics are plotted linear, whereas the
characteristics in b) are plotted semi-logarithmically.

reverse voltages from -2 V to —13 V for the acidic solar cell and -3 V to 15 V for the
alkaline cell the current increases almost exponentially, here the slope of the acidic cell is
slightly higher than that of the alkaline solar cell. At 13 V the reverse current of the acidic
solar cell increases strongly, the same behavior is observed for the alkaline cell at about
—15 V. This range is called hard pre-breakdown and is characterized by a sudden increase
of the reverse current. Alkaline texturized solar cells have a hard pre-breakdown at larger
reverse voltages than acidically texturized solar cells. The reason for that behavior will
be shown later in this section.

The kinks in the -V characteristics which occur if hard pre-breakdown takes place
are better visible in the linear I-V diagram. On the other hand the semi-logarithmical
diagram reveals that the reverse current increases almost exponentially. By extrapolating
the steepest part of the linearly plotted -V characteristic in the hard pre-breakdown
range down to zero ampere, the “breakdown voltage” of the solar cell can be estimated.
As already mentioned in chapter 1, there is no clear definition of the breakdown voltage.
In particular this is true for solar cells.

Temperature Dependent LIT Measurements

In the next subsections detailed descriptions and discussions of the different pre-break-
down ranges are given. For that purpose temperature dependent, reverse bias DLIT-,
ILIT-, and I-V measurements on an acidically texturized solar cell (here called “solar
cell 17) are performed. The range for the applied reverse voltage was from —0.5 V to —14
V and the temperature ranged from 25 °C to 80 °C. Using these data a full data set of the
physical parameters of solar cell 1 is generated by applying the newly developed methods
(TC-DLIT, slope-DLIT, MF-ILIT; see section 2.1.2).
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The data set consists of:

Figure A.1: a 2-dimensional (2D) set of current densitiy images calculated by equation
(2.11) from the measured S~ images to display the current density .J,

Figure A.2: a 2D set of TC-DLIT images calculated by equation (2.12) from the cur-
rent density images to diplay the TC,

Figure A.3: a 2D set of slope-DLIT images calculated by equation (2.13) from the current
density images to display the slope of the reverse current,

Figure A.4: a 2D set of MF-ILIT images calculated by equation (2.17) from tempera-
ture dependent S ILIT images to display the MF of the solar cell.

All image sets are shown in the appendix A, since they are too large to be included
in the text.

In the next subsections some selected images from these sets are shown for explana-
tion. However, the sets themselves reveal many more trends and changes of the respective
physical parameters and correlations between them. The reader is referred to the cor-
responding set if necessary. For better orientation one linear pre-breakdown site in the
2-dimensional image sets in the Figures A.1 to A.4 and in all Figures which appear in the
text is marked exemplarily by a dashed circle. In addition to the linear pre-breakdown
one defect-induced pre-breakdown site in the 2-dimensional images sets and in the Figures
in the text is marked by a solid circle. Also exemplarily one hard pre-breakdown site is
marked by a dotted circle.

3.2.2 Early Pre-Breakdown in Solar Cells: Linear Region

Early pre-breakdown sites are point-like pre-breakdown sites, which are visible already at
very low voltages. In Figure 3.20 an S~ image taken at —4 V and 25 °C of solar cell 1 is
shown in a), as well as a TC-DLIT image in b), and a slope-DLIT image in ¢). The DLIT
signal of the early pre-breakdown sites is strongly temperature dependent, which can be
seen in in the current density images Figure A.2 (e.g. at -4 V). The early pre-breakdown
sites show a negative TC, which becomes weaker at higher temperatures (cf. Figure A.2
at =4 V or =7 V) and they have very weak slopes of the reverse current (cf. Figure A.3).
Early pre-breakdown sites do not show an MF-ILIT signal.

Interestingly, the —90° images at these sites show a dark spot in the middle, which
vanishes at higher reverse bias (see Figure A.1). This observation points to the fact that
the current through this pre-beakdown site does not flow continously but reduces with
time. This may be a result of the strong negative TC of these sites which will be discussed
below.
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Figure 3.20: a) S—%°° image, b) the TC-DLIT image, c) slope-DLIT image of solar cell 1. The dashed

circle marks the position of an early pre-breakdown site. In d) the corresponding S99 image of an
adjacent cell of solar cell 1 shows early pre-breakdown sites at different positions compared to a).

Some early pre-breakdown sites appear at slightly higher reverse voltages than —4 V.
This is shown in Figure A.1 in the images taken at -7 V, the early pre-breakdowns which
appear somewhere between —4 V and —7 V are marked by solid arrows.

The physical origin of early pre-breakdown is not clear yet. In Figure 3.20d) a DLIT
image of an adjacent solar cell to solar cell 1 does not show an early breakdown at the
same position, as one may expect if early breakdown sites are correlated to extended
defects in the multicrystalline Si block. The early pre-breakdown site of solar cell 1 was
cut out of the solar cell by a dicing saw (rectangle in Figure 3.20a) and was investigated
in detail. In Figure 3.21a) a high resolution DLIT image, the DLIT image overlayed by
the topography image, and a reverse EL image of that sample are shown. Furthermore
an SEM image of the sample is given in Figure 3.21b). The bright spot in the images
in Figure 3.21a) is the early pre-breakdown site (see solid arrow in the Figure) marked
by an ink dot to recover the pre-breakdown site for further investigations. Also a reverse
bias EL signal can be observed there. Unfortunately, nothing special can be found at the
considered position on the surface neither by light microscopy nor by SEM, as can be seen
in Figure 3.21b) One may have a closer look, but it is hard to prepare a sample without
knowing the exact position, hence the origin of early pre-breakdown is still unclear. In
Figure 3.21c) the reverse -V characteristic of the early pre-breakdown measured at the
cut-out sample is shown. It reveals a linear behavior at low reverse voltages and a steep
increase of the current at higher reverse voltages. By DLIT imaging (not shown here)
it was demonstrated that the linear behavior is not caused by shunting due to defects
introduced by sawing out the sample. No additinal shunts could be measured by DLIT.
Generally a couple of these early pre-breakdowns are observed in solar cells. By summing
up the reverse current which is dragged through several early pre-breakdown sites, the
linear behavior of I-V characteristics of mec-Si solar cells at low reverse biases, as shown
in the inset of Figure 3.19a), can be explained. The steep increase at about —14 V is
probably due to the onset of other breakdown sites, which can seen in reverse bias EL
(see EL image in Figure 3.21).
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Figure 3.21: a) shows an amplitude DLIT image of the sample cutted out from solar cell 1 (see rectangle in
Figure 3.20a) tilted by 90°, an overlay of the amplitude image with the topo image and the corresponding
EL image of that sample. In b) an SEM image is shown, unfortunately nothing unusual could be found.
In ¢) the I-V characteristic of that sample is shown. (The arrow marks the position of the early pre-
breakdown site.)

As can be seen in Figure 3.20a) and d) (dashed arrows) also the edges of solar cells
contribute to the reverse current at low voltages. Hopping conductivity is expected here to
be the electron transport mechanism, and this current is assumed to be linear as well [86].
However, hopping conductivity shows a positive TC, so it cannot be responsible for the
early pre-beakdown sites. Note that the bright spots at the edges marked by the yellow
dotted arrows in Figure 3.20a) and d) are also early pre-breakdown sites which is proven
by the fact that their TC-DLIT signal is also negative and they show the same slope as
the early pre-breakdown sites in the area.

Since the cause of early pre-breakdown is not known yet, one can only speculate about
the origins of their electrical behavior. Early pre-breakdown sites show a negative TC so
one may conclude that avalanche, possibily driven by defects, takes place, but this would
lead rather to a superlinear IV characteristic than to a linear one. Another argument
against avalanche is that no avalanche multiplication is measurable by MF-ILIT at early
pre-breakdown sites. Furthermore, the possible defect then has to be a very local defect,
otherwise the same early pre-breakdown would appear in the adjacent cell. Due to their
low slope, these early pre-breakdown sites are negligible at high reverse bias, hence they
are not very dangerous.

3.2.3 Pre-Breakdown in Solar Cells: Defect-Induced Breakdown

Now a description of the behavoir of pre-breakdown sites occurring at moderate voltages in
mc-Si solar cells is given. Regarding the -V characteristics in Figure 3.19 the current in
the pre-breakdown region increases exponentially. In Figure 3.22 temperature dependent
I-V characteristics for 25 °C, 40 °C, 60 °C, and 80 °C of solar cell 1 are displayed.
The pre-breakdown region from about -3 V to —13 V is characterized by an increased
current with increasing temperature. In Figure 3.23 one of the corresponding current
density images, one TC-DLIT, one slope-DLIT, and the forward EL image of solar cell
1 are shown, respectively. The areas of increased reverse current in Figure 3.23 show a
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Figure 3.22: Temperature dependent I-V characteristics of solar cell 1.

negative temperature coefficient, but their TC is not as negative as the TC of the early
pre-breakdowns in that temperature and voltage range. As one can see in Figure A.2
the negative TC becomes weaker for increasing temperatures and increasing voltages,
respectively. Moreover, the TC reaches values of about zero or even becomes slightly
positive at higher temperatures as can be seen in the image —11.5 V vs. (80 — 60) °C in
Figure A.2. For voltages < —13 V and Ty,,q above 50 °C [(60 — 40) °C] the TC of these
pre-breakdown sites is always about zero %/K. Figure 3.23 reveals that the slope of the

J.-10V,25°C - (40- _Slope: 1.5-1C forward EL: 0.6 V

ONNEE  [2mAcm’ -3 %/KENEEE 3%K 0%VENEEE 75%V  jowmmmme high

Figure 3.23: a) current density image, b) TC-DLIT image, c) slope-DLIT image taken in the pre-
breakdown region. In d) a forward bias EL image of solar cell 1 is shown.

pre-breakdown current is higher compared to the slope of the early pre-breakdown sites.
The slope is not temperature dependent, which can be seen in Figure A.3.

For a closer look on a pre-breakdown site, the piece marked by the white rectangle in
Figure 3.23a) was cut out of the solar cell 1. In Figure 3.24a) two reverse bias EL images
taken at —10 V and —13 V, respectively, are shown. The positions of the EL signals of
the pre-breakdown sites correspond to the DLIT signals as can be seen in the EL DLIT
overlay image in Figure 3.24b). The EL signal comes from a lot of point-like sources and
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Figure 3.24: a) reverse EL images, b) overlay of the EL image at — 10 V with the corresponding amplitude
DLIT image, ¢) -V characteristic of the of the cut-out sample.

originates from defects causing recombination. The -V characteristic in Figure 3.24c)
shows a nearly exponential behavior. Where does the current at pre-breakdown sites
come from? By comparing the LIT images with the forward EL image in Figure 3.23,
a correlation of regions with low lifetimes and the pre-breakdown sites is observed. It is
well known that regions of low lifetime in mec-Si solar cells are regions of recombination-
active defects. These defects can be grain boundaries, dislocation networks, or other crystal
defects which are decorated with foreign atoms. The image comparision shows that regions
where recombination-active defects are observed break down at moderate reverse voltages.
What is the physics behind that pre-breakdown mechanism?

The pre-breakdown behavior can not be explained by just one of the well known break-
down mechanisms, internal field emission or avalanche breakdown. Indeed, pre-breakdown
sites show a negative temperature coefficient, which is characteristic for avalanche break-
down. However, the pre-breakdown sites do show only a very weak avalanche multiplica-
tion (cf. Figure A.4) only at high voltages and low temperatures. No avalanche multipli-
cation is observed at higher temperatures and at higher voltages, respectively. At higher
voltages and temperatures the pre-breakdown sites show a TC close to zero or even a
very weakly positive TC. So maybe at higher temperatures some kind of internal field
emission takes place, whereas at lower temperatures avalanche breakdown with a low
multiplication factor occurs. Hence, it is assumed that more than one breakdown mech-
anism or better to say a mixture of both internal field effect and avalanche breakdown
occur. The pre-breakdown is caused by the recombination-active defects which are found
at the pre-breakdown sites. Note, however, that internal field emission according to Figure
1.8 is very improbable at doping concentrations as low as 10'® cm™3. Moreover, Lausch
et al. [93] have shown that this type of breakdown also appears on flat p-n junctions
where avalanche breakdown according to Figure 1.7 is also improbable at such low volt-
ages. Therefore a breakdown mechanism involving defect states appears to be the most
probable mechanism for this type of breakdown.
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Proposals for Defect-Induced Pre-Breakdown Mechanisms

Defects in semiconductors such as crystal defects or impurities provide energy levels in
the band gap. These defect levels are non-radiative recombination paths and therefore
decrease the EL signal in forward biased solar cells. Such defects may also act as recom-
bination paths or as traps for electrons and holes in reverse-biased p-n junctions leading
to increased leakage currents already at lower reverse voltages than expected from theory.
Hence, defect levels within the p-n junction may cause a reverse current which is much
higer than the expected saturation current.

Defect levels in the p-n junction of a semiconductor may lead to trap-assisted tun-
neling (TAT) [20], and one may consider TAT as a possible breakdown mechanism at
pre-breakdown sites. In Figure 3.25 trap-assisted tunneling is described schematically.
Here the position of the defect level Fyefecr 18 considered to be in the middle of the gap,
where it is most effective. Therefore, the tunnel barrier is lowered significantly compared
to band-to-band tunneling (Zener tunneling). This may explain the enhanced reverse cur-
rent at low reverse voltages at the defects. Nevertheless, the temperature coefficient of
the reverse current of trap-assisted tunneling is still positive [94]. This is at least in con-
tradiction to the measured TC for pre-breakdown sites at low temperatures. However, at
higher temperatures and also higher voltages (see Figure A.4), respectively, the TC of
the pre-breakdown changes to values slightly above zero. It might be possible that trap-
assisted tunneling becomes the dominant reverse current channel for higher temperatures.
Still the question remains: What is the cause of the negative TC of the pre-breakdown
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Figure 3.25: Trap-assisted tunneling schemati- Figure 3.26: Trap-assisted avalanche schemati-
cally. cally.

sites at lower temperatures and voltages? The presence of defects within the p-n junction
may also lead to another kind of trap assisted charge carrier transport, which may be
called trap-assisted avalanche (TAA). In Figure 3.26 TAA is shown schematically. Here
the electron “e;” is accelerated by the electric field within the depletion layer width w. If

Y

the defect level Fyepeet 18 0ccupied by an electron “ey”, the accelerated electron “e;” may
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ionize the defect state by exciting the electron “e;” to the conduction band leaving an
unoccupied defect level. TAA works similarily also for holes, as shown also in Figure 3.26.
It is also possible that free electrons are ionizing bond holes and vice versa. If an electron
is emitted by a TAA process, the level is occupied by a hole, which may be ionized by
a following TAA process. Whether the defect state is mainly occupied by a hole or an
electron is depending on the type of the defect, i.e. the capture cross section for electron
and holes, and on the average electron and hole concentration in the depletion layer. The
necessary succesive electron and hole emission may be the reason for the fact that the
multiplication factor for this type of avalanche is smaller than for classical avalanche.
Trap-assisted avalanche will show a negative temperature coefficient of the current. The
reason is that at higher temperatures TAA becomes improbable because of the increased
phonon scattering of the accelerated charge carriers. Hence, the probability that an ac-
celerated charge carrier can gain enough energy to ionize a defect state becomes smaller
with increasing temperatures.

The Measurements in Detail

The slope of the reverse current at defect-induced pre-breakdown sites is constant at a
value of about 60 %/V for all temperatures and voltages, which can be seen in Figure
A.3.

However, if one has a look at the current density images taken at =7 V in Figure 3.27a)
(taken from Figure A.1), the pre-breakdown sites marked by the solid circles vanish at
temperatures higher than 40 °C. The TC of these pre-breakdown sites is negative at -7
V and Tiia = 32.5 °C as can be seen in Figure 3.27b) (taken from Figure A.2). The TC
signal becomes weaker at Ty,;q = 50 °C and vanishes completely at T,,;q = 70 °C. This
behavior is typical for avalanche breakdown. However, there was no avalanche multiplica-
tion measureable at such low voltages. Regarding the same current density data for —10 V
in Figure 3.28a) (taken from Figure A.1) one can see that the pre-breakdown sites marked
by the solid circles do not vanish at higher temperatures. The current density decreases
only very slightly or is even constant with higher temperatures. This is proven by the
fact that the TC of the pre-breakdown sites becomes less negative or slightly positive as
can be seen in Figure 3.28b) (taken form Figure A.4). A positive TC is a clear hint for
internal field emission mechanism for breakdown. Regarding the measured behavior of
defect-induced pre-breakdown sites it is assumed that a mixture of both defect-induced
breakdown mechanisms, trap-assisted avalanche and trap-assisted tunneling, beeing re-
sponsible for defect-induced pre-breakdowns. Both mechanisms seem to be active at the
same time, but at temperatures below 40 °C and at voltages > —10 V trap-assisted
avalanche is assumed to be the dominant mechanism showing a negative TC. Obviously,
trap-assisted avalanche is suppressed immediately if the temperatures reach 40 °C, and
trap-assisted tunneling is then assumed to be the dominant breakdown mechanism.

The weakness of this hypothesis is the fact that at such low voltages, where trap-
assisted avalanche is assumed to be the breakdown mechanism, no MF signal could be
measured directly by MF-ILIT. However, a very weak avalanche signal is observed at the
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Figure 3.27: a) current density images at =7 V, and b) TC-DLIT images at —7 V of solar cell 1, respectively.

position of the pre-breakdown sites at reverse biases < —13 V, as can be seen in the
multiplication factor images at (14.5/13) V and (15/13) V (all taken at 25 °C) in Figure
A.4. Tt has been discussed above that the reason for this low MF may be the necessity for
subsequent electron and hole emission for trap-assisted avalanche.

Much more effort has to be spent to reveal the types of the involved defects, to get more
information on the exact breakdown mechanism, and to prove or disprove the hypothesis
made here. A more detailed investigation of the defects will be one of the most interesting
tasks for future work.

Homogenous Reverse Current

By having a closer look at the I-V characteristic in the range of the defect-induced
pre-breakdown, i.e. about -3 V to —13 V, and comparing it with the TC-DLIT images,
a contradiction is observed. In Figure 3.29a) the respective region of the temperature
dependent -V characteristics is shown. The current increases clearly with increasing
temperature. However, in Figure 3.29b) and ¢) TC-DLIT images from the corresponding
voltage range show a lot of sites which have a negative TC. Only some pre-breakdown
sites at the edge of the cell have a positive TC (marked by solid arrows in Figure 3.29¢),
but there are much fewer sites showing positive TC than sites showing negative TC. This
is, at the first sight, in contradiction to the measured [ -V characteristics. Where does the
positive TC of the latter come from, when almost all pre-breakdown site show a zero or
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Figure 3.28: a) current density images at —10 V, and b) TC-DLIT images at —10 V of solar cell 1,
respectively.

negative TC? In Figure 3.30 the current density images of solar cell 1 taken at —10 V and
four temperatures, respectively, are shown. Here the current density images are scaled at
lower mA /cm? values than in Figure A.1. In the areas between the pre-breakdown sites a
clear increase of the current density with increasing temperature is observed.

The current between the pre-breakdown sites does flow essentially homgenously in the
whole area of the solar cell and is very weak. Hence, the signal is very noisy. By averaging
the current density of the square marked in the current density images of Figure 3.30 the
current density signal was improved and was used for analysis. This marked area does
not contain any pre-breakdown site. In Figure 3.31a) the average current density at a
constant voltage (here —10 V) depending on temperature is plotted. The average current
density increases with temperature but starts to saturate at 60 °C. In Figure 3.31b) the
dependency of the average current density on the voltage for the different temperatures
is shown. The higher the temperature the higher is the current density, but the shape
of the curves is similar. The average current density increases slightly superlinearly from
—0.5 V to about —10 V. At voltages < —10 V the average current density saturates or
even becomes smaller when the voltage is further increased. The strong fluctuations of
the average current densities are due to the very noisy LIT signal. As one can see in the
TC-DLIT images for example in Figures 3.27b) and 3.28b) the noisy TC-DLIT signal
between the pre-breakdown sites is slightly brighter for the lower T}, = 32.5 °C than for
Tmia = 50 °C and Ty, = 70 °C. Hence, the noisy signal should be taken into account for
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Figure 3.29: a) shows the I-V characteristic of solar cell 1 in the pre-breakdown range, in b) and c)
corresponding TC-DLIT images are shown.
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Figure 3.30: Current density images of solar cell 1 at —10 V for different temperatures.

evaluating the distribution of temperature coefficient in solar cells. For a better TC-DLIT
analysis the signal-to-noise ratio for the measurement of a solar cell processed from a
wafer adjacent to solar cell 1 was improved by binning 3 x 3 pixels of the current density
images and afterwards calculating the TC-DLIT images. In Figure 3.32 the TC-DLIT
images calculated from the binned current density images are shown for all T}, at —=10 V.
In contradiction to the TC-DLIT images shown in 3.28b) in Figure 3.32 areas of clearly
positive TC are observed. The TC becomes less positive with increasing temperature, but
as already mentioned above also the sites of clearly negative TC become less negative
or even slightly positive, so the contribution of sites of negative TC becomes smaller (cf.
Figure 3.28b). The scaling for the TC-DLIT images in Figure 3.32 is different.

Note that the TC-DLIT images in Figure 3.32 also reveal that the structure of sites of
positive and negative TC are nearly equal for solar cells made from adjacent wafers of an
mc-Si block. This is a direct proof that defect-induced pre-breakdown sites are caused by
extended defect structures like e.g. electrically active grain boundaries in the mec-Si block
as mentioned aboved.
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Figure 3.31: In a) the average current density at —10 V depending on temperature taken from the square
in Figure 3.30 is plotted. b) shows the average current density over the whole reverse voltage range for
different temperatures. The thick gray line in the background indicates the overall shape of the curves.
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Figure 3.32: TC-DLIT images calculated after binning of 3 x 3 pixels of the current density images. (Note
that these images are taken at a solar cell made from a wafer adjacent to the wafer used for solar cell 1,
please note also the different scaling of the images.)

Overall I -V Characteristics in Defect-Induced Pre-Breakdown Region

The reverse current of a solar cell in the defect-induced pre-breakdown region is de-
termined by the exponential current flowing due to defect-induced pre-breakdown and
the slightly superlinear current which flows through the whole cell area. The latter cur-
rent dominates the temperature dependence of the entire -V characteristic in the pre-
breakdown region. The overall current in the pre-breakdown region is the sum of the
current flowing through the defect-induced beakdown sites and the homogenous current.
At higher temperatures the homogenous current in the area saturates, which can also
be seen in the slope images in Figure A.3. Since the current due to defect-induced pre-
breakdown is exponential and the homogenous current is slightly superlinear, the overall
I -V characteristic of the pre-beakdown region of a solar cell is approximately exponen-
tial, too. Until now the nature of the homogenous current is unknown. With the described
properties it is very unlikely that it can be explained by a saturation current of the two-
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Figure 3.33: Temperature I-V characteristics of solar cell 1.

diode model (see section 1.2.2). In contradiction to Figure 3.31, such a current should
saturate at < 1 V and should depend exponentially on the temperature.

3.2.4 Hard Pre-Breakdown: Avalanche Breakdown in Solar Cells

The last region of the -V characteristic of an mc-Si solar cell shows a very steep increase
of the reverse current at voltages < —13 V, as can be seen at the [-V characteristic in
Figure 3.33. Since the current increase is very sudden this pre-breakdown region is called
hard pre-breakdown. The hard pre-breakdown region is most interesting because of its
sudden occurrence and the high slope of the reverse current. In Figure 3.34 S images
of solar cell 1 at several higher reverse voltages at constant temperature, and a forward
EL image of solar cell 1 are shown. The dotted circles and ellipses mark sites of hard
pre-breakdown. In the S~ images taken at —11.5 V, Figure 3.34a), no signal can be
observed at the hard pre-breakdown sites, but they suddenly show up at —13 V in b)
and are even more pronounced at —14 V in ¢). The overall current of the solar cell from
~11.5 V (155 mA) to —13 V (371 mA) is more than doubled, and at —14 V (1368 mA) it
is more than 3.5 times higher than at —13 V. Figure 3.34 reveals that this high current
mostly flows through some localized sites in the cell. It is true that the current at the
early pre-breakdown sites and at the defect-induced pre-breakdown sites increases also.
However, the slope of the reverse current at these sites is small and the contribution to
the increasing reverse current comes mainly from a few hard pre-breakdown sites. The
hard-breakdowns sites do not correspond to sites of recombination-acitve defects in the
solar cell as can be seen by comparing Figures 3.34b) and c) with Figure 3.34d). In the
forward EL image in d) the positions of the hard pre-breakdown are marked, but no
recombinative defects can be observed here. Hence, defect-induced breakdown mechanism
can not be taken into account as the breakdown mechanism for the hard pre-breakdown
sites.
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Figure 3.34: In a) to c) S images of solar cell 1 at higher reverse biases are shown. In d) the
corresponding forward EL image is shown.

In Figure 3.35 a TC-DLIT, a slope-DLIT, and an MF-ILIT image of solar cell 1
in the region of hard pre-breakdown are shown. Additionally, in Figure 3.35d) the -
V' characteristic measured at the cut-out part marked by the white rectangle in Figure
3.34c) is given. As one can see in Figure 3.35 the hard pre-breakdown sites show a clearly
negative TC, a high slope of the reverse current, and a multiplication factor greater than
one.

The current density images taken at —13 V and —14 V in Figure A.1 reveal that the hard
pre-breakdown becomes slightly weaker with increasing temperature. According to this
the TC of the hard pre-breakdowns becomes less negative with increasing temperature
(see Figure A.2) but it keeps being negative over all temperatures and voltages. The
slope of the reverse current also decreases slightly, which can be seen in Figure A.3.
Figure A.4 reveals that the MF decreases strongly with rising temperature. Both the -V
characteristic of the whole solar cell in Figure 3.33 and the -V characteristic of the
cut-out piece which only contains hard pre-breakdown sites (see 3.35d) clearly reveal a
breakdown voltage Uy, ~ —13 V. In Figure 3.35d) it is shown that the /-V curve of the
small piece of solar cell shows a very good reverse I -V characteristic, i.e. it shows a very

TC-DLIT: 10V, T.. = 32.5 °C _slope: 40 °C, (14-13) V MF-ILIT: (14/13) V I~V curve: 25°C
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Figure 3.35: a), b), and c) show the TC-DLIT image, slope-DLIT image and MF-ILIT image of solar cell
1 in the hard pre-beakdown region, respectively. In d) the I-V characteristic of the cut-out piece (white
solid square in Figure 3.34c) of the solar cell is shown.
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small reverse current without any early- or defect-induced pre-breakdown until the reverse
voltage reaches —13 V. Then the current increases suddenly, this is the hard breakdown.
By reaching —13 V the overall [ -V characteristic changes its temperature dependency
from postive to negative (see Figure 3.33). In the hard pre-breakdown range the overall
I -V characteristic is clearly dominated by the hard pre-breakdown.

Since a large fraction of this reverse current flows only through some small spots in
the cell, these spots get hot and therefore are called hot spots. They may, in the worst
case, damage the solar cell or the whole module. The stable negative TC, the high slope of
the reverse current, and the directly measurable charge carrier multiplication lead to the
conclusion that avalanche is the responsible mechanism for hard pre-breakdown. Where
does the breakdown come from? At hard pre-beakdown sites no extended recombination-
active defect could be observed (cf. Figure 3.34), therefore no defect-induced breakdown
mechanism can be expected. Furthermore, U}, of ~13 V is much lower than the theoretically
predicted breakdown voltage of a flat p-n junction. Therefore, no avalanche breakdown
at a flat p-n junction can be expected to be responsible for the hard pre-breakdown.

Physical Origin of the Hard Pre-Breakdown

Because of the high interest for solar cell research and solar cell industry, the main results
of this subsection have already been published recently in [95]. To reveal the physical
origin of the hard pre-breakdown sites, the sample at the position of the white rectangle
in Figure 3.35¢) showing hard pre-breakdown was cut out of solar cell 1. The S~ DLIT
image and the reverse EL image of that sample as well as an overlay of the latter images
are shown in Figure 3.36a) to c). In Figure 3.36d) the -V characteristic of that sample
is shown. As can be seen in Figure 3.36a) the hard pre-breakdown site is localized at

S image: -14V, 25 °C EL image: —14 V, 25 °C DLIT EL overlay -V curve: 25°C
a) b) [9) d)
Ulvl
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Figure 3.36: In a) the DLIT image of the sample marked in Figure 3.35c), in b) the reverse EL image of
that sample, and in ¢) the overlay of a) and b) are shown. The reverse I -V characteristic of that sample
is shown in d).

two spots of about 2 mm diameter, respectively. The reverse EL image in Figure 3.36b)
reveals that these spots consist of many very small point-like breakdown sites. The outer
shape of the EL spot clusters are in agreement with the shape of the hard pre-breakdown
sites in the S image, as can be seen in the overlay of the S™%°° DLIT image and the
EL image in Figure 3.36¢). The -V curve of that sample shows a breakdown voltage
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Figure 3.37: SEM images in different maginfications of sample-section marked by the white rectangle in
Figure 3.36a).

of Uy, = —13.5 V (see 3.36d), which is slightly higher than the breakdown voltage of the
hard pre-breakdown sample from Figure 3.35.

The image sequence in Figure 3.37 shows SEM images taken at the hard pre-breakdown
site which is marked by the white rectangle in Figure 3.36a). The magnified image in
Figure 3.37b) shows microscopic line-shaped structures (marked by the solid arrows), and
the high magnification SEM image in ¢) shows that these lines consist of holes in the solar
cell surface (see solid arrow). Furthermore, there are also holes which are not aligned in
lines (see dashed arrow in c¢). The structure which is exemplarily marked in Figure 3.37c)
by the dotted arrow is the expected surface structure of an acidically texturized solar
cell. To find out if the holes are responsible for hard pre-breakdown lock-in EBIC under
reverse bias was performed at the sample. For that purpose the sample was mounted on
an SEM/EBIC sample holder which acted also as cooler to avoid drifts of the reverse
current due to heating of the sample. For lock-in EBIC a constant reverse voltage in the
range of the hard pre-breakdown (—13 V to —15 V) was applied to the sample and lock-in
EBIC was performed as described in section 2.3.1. For the lock-in EBIC measurement the
circuit in Figure 2.10 with the components R; = 150 Q, Ry = 1 k), and C' = 63 pF was
used.

The aim of this experiment is to generate electron-hole pairs with the electron beam
of the SEM by hitting the solar cell sample surface (similar to the IR light used for MF-
ILIT). In the case of EBIC an increasing number of electrons due to avalanche leads to
an increasing EBIC current and therefore an increasing EBIC signal is excpected at sites
where avalanche breakdown takes place. For the experiment an acceleration voltage of the
SEM of 30 kV was used. Traditionally, this technique is called microplasma imaging.

The results of the lock-in EBIC experiment at the solar cell sample are shown in
Figure 3.38. In 3.38a) the SEM image of an area containing holes arranged in lines is
shown. The corresponding lock-in EBIC image is shown in b) and reveals that there is an
increased lock-in EBIC signal at the lines. The magnified SEM and lock-in EBIC images
presented in Figure 3.38 ¢) and d) clarify that the increased EBIC signal only comes from
the holes in the surface of the sample. In Figure 3.39 a lock-in EBIC image sequence taken
at the area marked in Figure 3.36a) by the black dotted rectangle is shown. The lock-in
EBIC image taken at 0 V (Figure 3.39a) shows a grain boundary (marked by the solid
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SEM image lock-in EBIC: —=14.2 V, 18 mA SEM image

Figure 3.38: In a) an SEM image and in b) the corresponding lock-in EBIC image at a hard pre-beakdown
site are shown, the scale bar in a) holds for both, a) and b). ¢) shows a magnified SEM image and d) the
corresponding lock-in EBIC image, the scale bar in ¢) holds also for d).

arrow). By increasing the reverse voltage up to —11.1 V there is no significant change in
the EBIC contrast observable, but the contrast of the grain boundary becomes weaker.
If the reverse voltage reaches —13.5 V, some bright spots appear in the EBIC image, and
the signal of the grain boundary vanishes. If the voltage is further increased, some new
spots appear and the existing spots change their EBIC contrast. It is hard to evaluate the
change in contrast quantitatively, because one has to adjust the brightness and contrast
for every new lock-in EBIC image. However, some of the existing spots become relatively
weaker (dashed arrow), some vanish (dotted arrow), and some get stronger (dashed dotted
arrow). It is important to note that in the upper grain in Figure 3.39 no increased EBIC
signals appear. This is nicely show in Figure 3.40a), where no increased EBIC signal can
be observed in the upper part of the lock-in EBIC image. In the SEM image the line-
shaped structures and holes can only be observed in the lower part. Indeed no holes or
line-shaped structures can be found in the upper grain. So, obviously, the appearance of
the avalanche sites depends either on grain orientation or the defect content of the grain.

lock-in EBIC images
V, 111V, 23 mA —-13.5V, 6.6 mA

-13.8 V, 10.9 mA

Figure 3.39: Sequence of lock-in EBIC images.
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lock-in EBIC: —14.1V, 20 mA SEM image

Figure 3.40: A grain with and a grain without lock-in EBIC signal.

Avalanche Breakdown due to Etch Pits

The holes in the front surface of the solar cell are identified to be the origin of the hard
pre-breakdown. Why do the holes show a hard avalanche breakdown at about —13.5 V,
and how are they formed? In Figure 3.41 SEM images of the surface of the sample marked
by the white rectangle in Figure 3.35¢) containing hard pre-breakdown sites is shown. The
holes are cone-shaped and 1 pm to 3 pm in diameter. The SEM image in 3.41a) was taken
with the electron beam being perpendicular to the surface of the sample. As can be seen
in Figure 3.41a) the axis of the holes is not perpendicular to the sample surface. If the
sample is tilted by 24° with respect to the electron beam (see Figure 3.41b), the axis of
the holes and the incoming electron beam are parallel and it was possible to have a look
straight into the holes.

The holes show a rough surface, and the holes which are aligned along a line show a
groove in their middle as can be seen in Figure 3.41c). The holes which are not aligned
along a line do not show such grooves, which also can be seen in Figure 3.41c). For
revealing the morphology of the holes, FIB cross- and longitudinal sections of the holes
are prepared. In Figure 3.41d) such a FIB lamella is shown exemplarily. In Figure 3.42
a detailed investigation of holes showing avalanche breakdown is demonstrated. Figure
3.42a) is the lock-in EBIC image taken at —13.7 V. The strongly increased lock-in EBIC
signal in the middle of the image has its origin at two holes (see Figure 3.42b). In Figure
3.42¢) a detailed SEM image of these two holes reveals that they are formed at two grooves.
Exactly at the two holes a FIB lamella was prepared, the position of the FIB lamella is
indicated by the dashed line in 3.42c). A TEM image of the FIB lamella is presented in
Figure 3.42d). The curvature radius of the tip of the cones is determined to be about 20
nm. At the tip apex some lines are observed, which are crystal defects. Thus the holes are
identified to be etch pits formed during the damage etching/texturization step (cf. step
1 in Figure 1.1). After the etching/texturization step the n™ layer was diffused into the
surface of the wafer, which means that the p-n junction follows the shape of the etched
surface. If the solar cell surface contains etch pits, the p-n junction is bent at the etch
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Figure 3.41: a) to c¢) show SEM images of the surface of a solar cell containing cone shape holes. In d)
an SEM image of a FIB lamella is shown. The surface of the solar cell is covered by platinum (Pt) to
protect the sample during the focussed ion beam preparation.

SEM image SEM image

lock-in EBIC: =13.7 V, 8.6 mA TEM image

a)

i\

&’” FIB lamella

Figure 3.42: Detailed investigation of a cone-shaped hole showing avalanche breakdown. In a) the lock-in
EBIC image is shown, the corresponding SEM image in b) reveals that the EBIC signal occurs at the
two holes in the middle of the image. In ¢) a detailed SEM image of the holes is shown, and in d) the
TEM image of the cross sectional FIB lamella prepared at the dashed line indicated in Figure 3.42c) is
presented. The arrows in ¢) and d) mark the three holes.

pits. The bending at the etch pit apex can be assumed to be spherical. In Figure 3.43 the
TEM image of one of the holes from Figure 3.42d) is shown. The dashed line indicates
the expected shape of the p-n junction schematically. Since the curvature radius of the
etch pit apex is only about 20 nm it is about ten times smaller than the p-n junction
width, which is about 250 nm in this type of solar cells. Therefore, the effective curvature
radius is determined by the depth of the p-n junction, i.e. 250 nm. Sze and Gibbons
have calculated the dependence of the breakdown voltage on the curvature radius of Si
p-n junctions at different base doping concentrations [16]. Their curve was confirmed by
Speeney and Carey experimentally [96]. In Figure 3.44 the curve calculated by Sze and
Gibbons is shown. For a base doping concentration of 10'® cm™3, which corresponds to
the doping concentration of the p base of solar cells, at a curvature radius of 250 nm
the breakdown voltage of a spherically curved Si p-n junction is U, ~ —13 V. This is
in perfect agreement with the measurements of the hard pre-breakdown voltage of about
-13 V.
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Figure 3.43: TEM image of the cross section of Figure 3.44: Theoretically predicted breakdown

cone-shaped holes showing hard pre-breakdown voltage of bent Si p-n junctions, graph taken from
due to avalanche breakdown. [16].
Conclusion

By regarding the curvature radius of the tip apex of the cone-shaped holes found in the
surface of acidic mc-Si solar cells, the physical mechanism of the hard pre-breakdown sites
has been proven to be avalanche breakdown due to field enhancement at the spherically
shaped p-n junctions at cone-shaped etch pits. The theoretically [16] and experimentally
[96] predicted breakdown voltage of U, = —13 V is in very good agreement with our
measurements.

Origin of the Cone-Shaped Etch Pits

How do the etch pits form? Actually the acidic etching solution used for acidic texturiza-
tion is designed not to produce etch pits at dislocations reaching the surface of the solar
cell. At the apex of the etch pits lines are observed as can be seen in the TEM image in
Figure 3.42d). These lines are crystallographic defects reaching the surface of the grain.
These crystallographic defects are etched during the texturization step of the solar cell
and therefore the cone-shaped holes in the surface of the solar cell are formed at these
defects. At the positions of the hard pre-breakdown sites, the EL image in Figure 3.34d)
reveals that these areas do not show recombination-active defects. From this it follows
that the defects in this areas are not recombinative, but nevertheless their are etched and
cone-shaped holes are formed. That means avalanche breakdown occurs at clean crystal-
lographic defects, which can be understood by the fact that clean material is necessary
to have sufficient high scattering path length of carriers for enabling the avalanche effect.
Note, that also in areas showing recombination the defects may be etched if they reach
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Figure 3.45: TEM images of cone-shaped etch pits in the surface of acidic texturized solar cells. All etch
pits show defects at their apex.

the surface and form cone-shaped holes. However, at recombination-active defects pre-
beakdown takes place already at lower voltages (due to defect-induced mechanisms) than
at clean defects.

Grains of mc-Si wafers not showing such crystallographic defects at the surface do not
have holes. This is proven by the example shown in Figure 3.40. There, in the upper grain
no holes can be found, whereas the lower grain contains a lot of them. In Figure 3.45 TEM
images of FIB cross sections of etch pits are shown. The solid arrow in Figure 3.45a) mark
a crystal defect pointing exactly to the tip apex of the etch pit. The etch pit marked by
the solid arrow in Figure 3.45b) shows a lamella-like structure. However, in Figure 3.45¢)
a TEM dark-field image of the defect in b) is shown in higher magnifation revealing a
very complex structure of the defect, so obviously the defect is not a simple lamella. The
only conclusion which can be made until now is that there are possibly several types of
defects leading to cone-shaped etch pits. Probably the defects are not single dislocations
but rather multiple dislocations. However, the exact type of crystal defects leading to etch
pits is not clear yet.

3.2.5 Comparision of Pre-Breakdown I -V Characteristics

The -V characteristics of the pre-breakdown mechanisms shown in the previous section
show very different behavior. In Figure 3.46a) the -V characteristics of an early, lin-
ear pre-breakdown (sample 3), of a defect-induced pre-breakdown (sample 4), of a hard
pre-breakdown (sample 2), and of a region of solar cell 1 which do not show any pre-
breakdown (sample 1) measured at 25 °C are compared. In order to measure the -V
characteristics only of the certain pre-breakdown site, samples at the postions of the dif-
ferent pre-breakdown sites are cut out of solar cell 1 as carefully as possible with a dicing
saw. It was proven that no significant shunts have been generated at the edges of the sam-
ples by DLIT imaging after sawing (not shown here). In Figure 3.46b) to d) a TC-DLIT,
a slope-DLIT, and an MF-ILIT image are given exemplarily. The positions of the cut-out
samples are marked. The /-1 measurements on the cut-out samples show very different
behavior. The I-V characteristic of the sample without any breakdown (sample 1) shows
a flat almost linear I -V characteristic. This is also proven by the TC-DLIT, slope-DLIT,
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-V characteristics TC-DLIT: (40-25) °C, =13 V slope-DLIT: 25 °C, (13—11)

V' MF-ILIT: 25 °C, (14.5/13) V.
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Figure 3.46: In a) the J-V characterisitics of different cut-out samples of solar cell 1 are shown. In b), c),
and d) the TC-DLIT, the slope-DLIT, and the MF-ILIT image are shown. The positions of the samples
are marked in b), c¢), and d) and are named in d).

and MF-ILIT image, where no signal can be detected at the position of sample 1.

The early pre-breakdown (sample 3) shows also a flat [-V characteristic, but the
current is higher than that of sample 1. Furthermore, the current increases suddenly at
about —13 V. As demonstrated in Figure 3.46b) and c) the early pre-breakdown shows a
negative TC and a very low slope, respectively. However, there is no avalanche MF signal
measureable, which could explain the sudden increase of the reverse current at about —13
V. This might be due to the relativly insensitive MF-ILIT method, or one has to assume
another breakdown mechanism here which is not know yet.

The defect-induced pre-breakdown (sample 4) shows a superlinear, almost exponential
I-V characteristic. The current flowing at defect-induced pre-breakdown sites exceeds
the current flowing in early pre-breakdown sites at about -7 V. Then, according to the
measured slope shown in Figure 3.46¢), the current increases faster.

The current of the hard pre-breakdown site (sample 2) at reverse voltages up to —13 V
is very low. Already at about —13.5 V the current at the hard pre-breakdown site equals
that of the defect-induced pre-breakdown site.

Two very important conclusions can be drawn from these [ -V measurements. Firstly,
the reverse current at reverse voltages up to -7 V is the sum of the reverse current of all
pre-breakdown sites. From —7 V on the reveres current is dominated by the reverse cur-
rent flowing in defect-induced pre-breakdown sites. By reaching the hard pre-breakdown
voltage (here —13 V) the reverse current of the whole cell is dominated by the hard
pre-breakdown reverse current and the defect-induced pre-breakdown current. Secondly,
all pre-breakdown currents are very localized. Therefore, the reverse [ -V characteristic
measured at the whole solar cell is not meaningful to decide whether there are harmful
hot spots in the cell or not. It may happen that the reverse current flows through many
weak pre-breakdown sites, then the current at each pre-breakdown site is low and may be
not dangerous. However, if the whole reverse current is flowing only through a few pre-
breakdown sites, these sites may heat up to temperatures which may damage the solar
cell. Hence, an imaging method should be used to image the distribution of the reverse
current (i.e. the number of pre-breakdown sites in a solar cell), to get a better criterion for
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the selection of off-specification solar cells. For this lock-in thermography is not necessary.
It is sufficient if an IR image is taken immediately after applying a reverse bias.



Chapter 4

Summary

The aim of this work was to show the physical origins of non-idealities in [—-V character-
istics of multicrystalline silicon solar cells. Non-idealities in forward /-V characterisitics
of silicon solar cells have many different origins. Linear shunts are one of the most harmful
failures decreasing the efficiency of solar cells. Non-linear shunts and high series resistances
have also an influence on the -V characteristics and may affect the efficiency of solar
cells as well. The main topic of this work was the investigation of the breakdown behav-
ior, i.e. the reverse I -V characteristics, of solar cells. Breakdown in solar cells appear at
unexpectedly low reverse voltages, and the formation of hot spots due to breakdown may
damage solar cells. Since the breakdown behavior of solar cells was only rarely investigated
in the past, the aim of this work was to reveal the origins of low breakdown voltages of
solar cells. This summary gives a brief overview on the effects mentioned above starting
with the forward -V characteristic.

Non-idealities in forward [-V characteristics are caused by linear and non-linear
shunts. A linear shunt appears if the n* emitter of the solar cell and the metallic back
contact of the solar cell are in ohmic contact. Consequently, the light-generated current
flows through the shunt channel and can not be used for power extraction from the solar
cell. Therefore, linear shunts have to be avoided. There are a lot of different mecha-
nisms leading to linear shunts. One has to distinguish between process-induced linear
shunts, which are caused somewhere during the production process of the solar cells, and
material-induced linear shunts, which are caused due to intrinsic defects or precipitates
in the multicrystalline Si material used.

Process-induced linear shunts are the following ones: If the p-n junction at the edge of
the solar cell is not separated correctly, a short circuit appears at the edge leading to an
ohmic edge shunt. An emitter layer may be formed in or metal may be pressed through
cracks in the Si wafer and therefore cause ohmic shunts. Another type of ohmic shunts are
aluminum particles, which reach the emitter of the solar cell during the production process.
The aluminum may form an ohmic contact to the p-doped base and a tunnel contact to
the n* emitter during the firing step. Material-induced linear shunts are caused due to SiC
precipitation in multicrystalline Si material. Typical SiC precipitation are SiC filaments
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found in grain boundaries of the mc-Si. These filaments may grow some millimetres in
length towards the solidification direction of the Si ingot. Hence, they may penetrate the
Si wafers used for solar cells production. Since it was found that SiC filaments are highly
conductive, they may short circuit the emitter and the back contact and cause severe
linear shunts. It was also observed that some SiC filaments cause weaker or even no linear
shunts. Infrared microscopy investigations in this work revealed that this may be due to
the morphology of the SiC filaments, if SiC filaments stuck in the wafer or branche out.
Even if the filaments cross the wafer, in many cases they are also not producing shunts.
The exact mechanism behind this phenomenon is not known yet. The growth of the SiC
filaments is also not understood in detail until now. In this work it was demonstrated
that SiC filaments show imperfect crystallographic structures, and it was assumed that
they may grow due to solid state diffusion of carbon in Si. However, the calculation
revealed that solid state diffusion is not sufficient to transport the necessary amount of
carbon to the grain boundary, except if one assumes enhanced diffusion due to silicon
self-interstitials, or one has to assume diffusion of the carbon in the grain boundaries of
the mc-Si, which should be much faster than solid state diffusion. The validity of the
last assumptions is not proven yet, maybe one has to assume the model of Méller [75]
also for the SiC filaments in GB. This model assumes that the SiC filaments grow at the
liquid—solid interface during the block-casting process. Also a combination of both models
is feasible.

The impact of linear shunts on the I -V characteristic of the solar cells are taken into
account if the two diodes model is extended by the parallel resistance as shown in equa-
tion (1.5). The impact of non-linear shunts on the /-V characteristic leads to increased
current at voltage up to about 0.4 V. Two main types of non-linear shunts are known:
Non-linear shunts due to recombination active extended defects crossing the space charge
region, and non-linear shunts due to fired-through metallization on the front side of the
cell, so called Schottky-type non-linear shunts. Scratches on the emitter of the cell and
the edges of solar cells often show non-linear shunts. These non-linear shunts are due to
enhanced recombination currents, which are caused by high defect densities at these sites.
Scratches and edges show significantly higher ideality factors than n = 2 predicted by the
established theory. By using a coupled defect level recombintion model these high ideal-
ity factors can be simulated and some conclusions on the nature of the defects are possible.

The real I-V characteristics of reverse biased solar cells can not be explained by the
established theory. The origins of breakdown occuring at much lower reverse voltages
than expected from theory was shown in this work. For the investigation of reverse -V
characteristics of solar cells new lock-in thermography methods were developed in the
course of this work. The aim was to image the temperature coefficient of the reverse
current and its slope. Therefore TC-DLIT and slope-DLIT were invented. TC-DLIT is
used to image the distribution of the temperature coefficient in percent per Kelvin. Slope-
DLIT is used to image the relative slope of the reverse current in solar cells (%/V).
For both imaging methods it is only necessary to take standard DLIT images at various
temperatures and voltages. Furthermore, an ILIT technique was developed to image the
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multiplication factor of avalanche breakdown. With this so-called MF-ILIT method it is
possible to image directly the sites where avalanche multiplication in solar cells occurs.

Three ranges of pre-breakdown in solar cells can be distinguished: early pre-breakdown,
defect-induced pre-breakdown, and hard pre-breakdown. Early pre-breakdown already
occurs at voltages of about —4 V. The TC of early pre-breakdown is strongly negative
but becomes less negative with increasing temperatures. Early pre-breakdown does not
show avalanche multiplication. The reverse -V characteristics of early pre-breakdown
sites are linear. The physical origins of the early pre-brakdown is still unclear.

Defect-induced pre-breakdown occurs at voltages from about -7 V. It shows nega-
tive TC at low temperatures and voltages, but their TC changes at higher temperatures
and voltages towards almost zero or even positive values. Defect-induced pre-breakdown
has almost exponential / -V characteristics and does not show strong avalanche multi-
plication. The slope is moderate and keeps constant over nearly the whole temperature
and voltage range investigated in this work. The origin of defect-induced pre-breakdown
sites are recombination-active defects in the mc-Si material. The breakdown mechanism
is assumed to be a mixture of trap-assisted tunneling and trap-assisted avalanche.

Hard pre-breakdown occurs in acidically texturized solar cells at reverse voltages of
about —13 V. The TC of hard pre-breakdown sites is strongly negative and their slope is
significantly higher compared to that of early-, and defect-induced pre-breakdown sites.
The TC becomes less negative with increasing temperatures. Hard pre-breakdown sites
show an avalanche multiplication factor up to 4. The avalanche MF is, according to
the avalanche mechanism, strongly temperature dependent and decreases with increasing
temperature. The -V characteristics of hard pre-breakdown sites show a steep expo-
nential slope at voltages at about —13 V. The physical origin of hard pre-breakdown is
field enhancement at the bent p-n junction. The bending of the p-n junction is due to
cone-shaped etch pits at defects, which are formed in the mc-Si material during the tex-
turization process of solar cells. Hard pre-beakdown is observable only at etch pits which
are formed at clean defects not showing recombination. However, etch pits may also oc-
cur at recombination-active defects, but there defect-induced pre-breakdown sites appear
already at lower voltages.

Numerous physical origins of defect-induced non-idealities have been shown in this
work. However, a lot of open questions still remain and new questions arise: for instance,
what is the origin of the homogenous current which was observed in revers biased solar
cells, what is the origin of the early pre-breakdown, and what is the true growth mechanism
of SiC filaments in mc-Si material? Furthermore it is not clear yet which defects cause
the cone-shaped holes leading to hard pre-breakdown sites. A lot of effort still has to be
done to reveal all features influencing the IV characteristics of solar cells, affecting their
efficiency and the yield of solar cells in solar cell production. It should be emphasized here
that shunt currents as well as recombination currents and currents at pre-breakdown sites
are local currents. From this it follows that some theoretical predictions do not hold for the
determination of theoretical /-V characteristics, because they are made for homogenous
currents flowing in solar cells.






Appendix A

2D-Image Sets

A.1 J-images, TC-, Slope-DLIT, and MF-ILIT Im-
ages

Here the current density images (J-images), the temperature coefficient DLIT images, the
slope-DLIT images, and the multiplication factor ILIT images of solar cell 1 are shown.
As mentioned in section 3.2.1 each type of pre-breakdown is marked by a different circle.
Exemplarily one early pre-breakdown site is marked by a dashed circles (three dashes),
one defect-induced pre-break down site is marked by a solid circle, and one hard pre-
breakdown site is marked by a dotted circle, respectively. The solar cell displayed in the

images has an area of 156 x 156 mm?.
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Figure A.l: 2-dimensional array of current density images of solar cell 1. Dashed circles: early pre-
breakdown site, solid circles: defect-induced pre-breakdown site, dotted circles: hard pre-breakdown site.
The arrows in image (25 °C versus —7 V) mark early-prebreakdown sites which break down somewhere
between —4 V and -7 V reverse voltage.
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Figure A.2: 2-dimensional array of TC-DLIT images of solar cell 1. Dashed circles: early pre-breakdown
site, solid circles: defect-induced pre-breakdown site, dotted circles: hard pre-breakdown site.
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Figure A.3: 2-dimensional array of slope-DLIT images of solar cell 1. Dashed circles: early pre-breakdown
site, solid circles: defect-induced pre-breakdown site, dotted circles: hard pre-breakdown site.
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Figure A.4: 2-dimensional array of MF-ILIT images of solar cell 1. Dashed circles: early pre-breakdown
site, solid circles: defect-induced pre-breakdown site, dotted circles: hard pre-breakdown site.
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